
the CSF, measured behaviorally, exhibits a 
characteristic shape (for example, Fig. 2C). The 
peak of the CSF refers to the spatial frequency 
where the highest contrast sensitivity occurs. At 
lower frequencies, decreasing contrast sensitivi- 
ty results in a low-frequence falloff. At higher 
frequencies, contrast sensitivity also decreases. 
The frequency at which high frequency sensitiv- 
ity falls off to a value of 1.0 is referred to as the 
cutoff spatial frequency. The cutoff frequency 
represents the limit of resolution of a 100 per- 
cent contrast sinusoidal grating; its value is 
closely related to grating acuity, which is usually 
measured with high-contrast square-wave grat- 
ings. 

4. M. Banks and P. Salapatek, Invest. Ophthalmol. 
Visual Sci. 17, 361 (1975); J. Atkinson, 0. Brad- 
dick, K. Moar, Vision Res. 17, 1037 (1977); M. 
Pirchio, D. Spinelli, A. Fiorentini, L. Maffei, 
Brain Res. 141, 179 (1978). 

5. Two problems encountered when using CRT 
display systems are (i) the relationship between 
input voltage and output luminance is not linear, 
and (ii) the spatial frequency response function 
is not flat over the frequency range of interest. 
Our computer-controlled display system was 
calibrated and then programmed to compensate 
for both the nonlinearity and the frequency re- 
sponse. 

6. For a general discussion of the development of 
the face mask technique for studying perception 
and learning in infant monkeys, see G. P. Sack- 
ett, R. Tripp, C. Milbrath, J. Gluck and H. Pick 
[Behav. Res. Methods Instrum. 3, 233 (1971)]. 
For an application of the method to visual psy- 
chophysics experiments in infant monkeys, see 
R. Boothe, D. Y. Teller, and G. P. Sackett [Vi- 
sion Res. 15, 1187 (1975)]. 

7. There may, of course, be a low-frequency fall- 
off below the range tested. Apparatus limitations 
prevented us from presenting gratings of lower 
frequency with an adequate number of cycles. 
We have recently modified our apparatus so we 
can present lower spatial frequencies with suf- 
ficient numbers of cycles. Preliminary indica- 
tions from a single infant are that frequencies 
as low as 0.2 to 0.4 cycle/deg must be used 
before a low-frequency turndown can be de- 
tected in young infant monkeys. 

8. Anatomical changes take place in the macaque 
monkey visual system during the same postnatal 
period during which we have found the behav- 
ioral CSF to be changing. The retina changes 

the CSF, measured behaviorally, exhibits a 
characteristic shape (for example, Fig. 2C). The 
peak of the CSF refers to the spatial frequency 
where the highest contrast sensitivity occurs. At 
lower frequencies, decreasing contrast sensitivi- 
ty results in a low-frequence falloff. At higher 
frequencies, contrast sensitivity also decreases. 
The frequency at which high frequency sensitiv- 
ity falls off to a value of 1.0 is referred to as the 
cutoff spatial frequency. The cutoff frequency 
represents the limit of resolution of a 100 per- 
cent contrast sinusoidal grating; its value is 
closely related to grating acuity, which is usually 
measured with high-contrast square-wave grat- 
ings. 

4. M. Banks and P. Salapatek, Invest. Ophthalmol. 
Visual Sci. 17, 361 (1975); J. Atkinson, 0. Brad- 
dick, K. Moar, Vision Res. 17, 1037 (1977); M. 
Pirchio, D. Spinelli, A. Fiorentini, L. Maffei, 
Brain Res. 141, 179 (1978). 

5. Two problems encountered when using CRT 
display systems are (i) the relationship between 
input voltage and output luminance is not linear, 
and (ii) the spatial frequency response function 
is not flat over the frequency range of interest. 
Our computer-controlled display system was 
calibrated and then programmed to compensate 
for both the nonlinearity and the frequency re- 
sponse. 

6. For a general discussion of the development of 
the face mask technique for studying perception 
and learning in infant monkeys, see G. P. Sack- 
ett, R. Tripp, C. Milbrath, J. Gluck and H. Pick 
[Behav. Res. Methods Instrum. 3, 233 (1971)]. 
For an application of the method to visual psy- 
chophysics experiments in infant monkeys, see 
R. Boothe, D. Y. Teller, and G. P. Sackett [Vi- 
sion Res. 15, 1187 (1975)]. 

7. There may, of course, be a low-frequency fall- 
off below the range tested. Apparatus limitations 
prevented us from presenting gratings of lower 
frequency with an adequate number of cycles. 
We have recently modified our apparatus so we 
can present lower spatial frequencies with suf- 
ficient numbers of cycles. Preliminary indica- 
tions from a single infant are that frequencies 
as low as 0.2 to 0.4 cycle/deg must be used 
before a low-frequency turndown can be de- 
tected in young infant monkeys. 

8. Anatomical changes take place in the macaque 
monkey visual system during the same postnatal 
period during which we have found the behav- 
ioral CSF to be changing. The retina changes 

postnatally in density, size, shape, and in the ul- 
trastructure of foveal cones [T. Samorajski, J. 
R. Keefe, J. M. Ordy, Vision Res. 5, 639 (1965); 
A. Hendrickson and C. Kupfer, Invest. Oph- 
thalmol. 15. 746 (1976)]. In the striate cortex, 
there are changes in dendritic arborizations and 
in the numbers of presumed connections be- 
tween neurons [J. S. Lund, R. G. Boothe, R. D. 
Lund, J. Comp. Neurol. 176, 149 (1977); R. G. 
Boothe, W. T. Greenough, J. S. Lund, K. 
Wrege, ibid. 186, 473 (1979)]. 

9. Clarity of the optics, eye size, and accommoda- 
tive response might all play a role in the devel- 
opment of the CSF, but all of these factors are 
probably minor in relation to the size of the ef- 
fects found. The optics of the infant monkey eye 
are clear at birth by ophthalmic examination. 
Measurements of the optical line spread func- 
tion reveal that optical quality is very good with- 
in days after birth and resembles that of the 
adult by 2 months (R. A. Williams and R. G. 
Boothe, in preparation). An increase in axial 
length between 4 and 20 weeks of age increases 
retinal image size by a factor of about 1.14, a 
magnification much too small to account for the 
observed changes in the CSF. It is not known 
whether infant monkeys can accurately accom- 
modate to our stimuli. However, the data shown 
in Fig. 2, A and B, were obtained at two dif- 
ferent viewing distances, 60 and 120 cm respec- 
tively. The similarity of the two sets of data 
leads us to believe that accommodation also 
contributes little to the developmental trends 
shown. 

10. L. Mayer and V. Dobson, in preparation. 
11. Supported in part by NSF grant BNS 75-01451 

to D.Y.T., NEI grant I ROI EY02510 to 
R.G.B., NIH grant RR 00166 to, the Regional 
Primate Research Center, and NICHHD grant 
02274 to the Washington Regional Child Devel- 
opment and Mental Retardation Center. We 
thank G. Ruppenthal and the staff of the Infant 
Primate Research Facility for their assistance 
and cooperation in caring for our infant mon- 
keys. We thank V. Dobson and S. Buck for 
commenting on earlier versions of the manu- 
script and M. Zachow for secretarial assistance. 
A preliminary report of this work was presented 
at the annual meeting of the Association for Re- 
search in Vision and Ophthalmology, Sarasota, 
Fla., 30 April to 4 May 1979. 
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The report by McNichols et al. (1) 
seems too superficial in its treatment of a 
relatively simple analysis. My first objec- 
tion is to applying Carnot efficiency cal- 
culations to the total system of heat ex- 
changers and expansion engine. Strictly 
speaking, the Carnot analysis applies on- 
ly to the expansion engine. The gross 
temperature difference must then be allo- 
cated between the heat exchangers and 
the expansion engine. 

The TRW Systems Group deals in 
some detail with this matter in their 
Ocean Thermal Energy Conversion 
(OTEC) report (2). The OTEC temper- 
ature levels and temperature differences 
are of the same general order of magni- 
tude as those used by McNichols et al. 
(OTEC temperature levels and temper- 
ature differences may be slightly higher). 
The allocation of the total temperature 
difference used by TRW is 50 percent to 
the heat engine and 50 percent to heat 
exchanger energy transfer. Two impor- 
tant considerations flow from this alloca- 
tion. The first is that all of the gross ener- 
gy carried by the warm water leaving the 

The report by McNichols et al. (1) 
seems too superficial in its treatment of a 
relatively simple analysis. My first objec- 
tion is to applying Carnot efficiency cal- 
culations to the total system of heat ex- 
changers and expansion engine. Strictly 
speaking, the Carnot analysis applies on- 
ly to the expansion engine. The gross 
temperature difference must then be allo- 
cated between the heat exchangers and 
the expansion engine. 

The TRW Systems Group deals in 
some detail with this matter in their 
Ocean Thermal Energy Conversion 
(OTEC) report (2). The OTEC temper- 
ature levels and temperature differences 
are of the same general order of magni- 
tude as those used by McNichols et al. 
(OTEC temperature levels and temper- 
ature differences may be slightly higher). 
The allocation of the total temperature 
difference used by TRW is 50 percent to 
the heat engine and 50 percent to heat 
exchanger energy transfer. Two impor- 
tant considerations flow from this alloca- 
tion. The first is that all of the gross ener- 
gy carried by the warm water leaving the 

working-fluid boiler bypasses the gener- 
ating unit entirely. Therefore, the energy 
actually transferred into the working 
fluid is already only a small portion of the 
gross energy originally available. 

The second consideration is that the 
Carnot efficiency must be calculated for 
the temperature differences and levels 
associated with the expansion device. 
Only after the Carnot efficiency is calcu- 
lated on the basis of a consideration of 
the appropriate data is it correct to apply 
the realization factor of 50 percent to the 
Carnot efficiency. 

In short, the report by McNichols et 
al. fails to recognize that Carnot thermal 
efficiency is only a part of the entire anal- 
ysis. The conversion of gross temper- 
ature difference to equivalent head, al- 
though mathematically correct, is essen- 
tially meaningless because energy quan- 
tity depends upon both head and flow 
quantity. When allowance is made for 
the fact that most of the gross heat quan- 
tity never reaches the conversion device 
and the appropriate temperature dif- 
ference across the expansion engine is 
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used, then the effective head is only on 
the order of one-tenth that shown in (1, 
p. 168). Clearly, an equivalent effective 
head of 16 m is not nearly as impressive 
as a potential head of 160 m. It is unfor- 
tunate that this fragmentary analysis did 
not include a consideration of the impor- 
tance of relating the head to the correct 
flow quantity when discussing realizable 
energy quantities. 

EMORY H. HALL 
Bonneville Power Administration, 
Post Office Box 3621, 
Portland, Oregon 97208 
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In their report on the use of the 
thermocline temperature differences in 
hydroelectric reservoirs, McNichols et 
al. (1) overstate the potential power out- 
put by a factor of > 8. It is clear from 
their report that they consider only the 
use of the normal outflow of water (for if 
recirculation back into the reservoir is al- 
lowed, the system reduces to an Ocean 
Thermal Energy Conversion type con- 
cept with outputs limited only by solar 
input and system size). For such an ap- 
plication, the assumption of a value 
AT/T, where T is absolute temperature, 
for Carnot efficiency is incorrect, since 
the heat source and sinks are finite. The 
hot and cold water flows approach one 
another in temperature so that the ef- 
fective mean temperature difference is 
less than AT. 

For a mass flow rate of m (in kilograms 
per second), of which a fraction a is at a 
temperature T + AT and 1 - a is at T, 
the maximum (Carnot) mechanical pow- 
er output P (in watts) is given by 

P = mC[T + aAT - T -a(T + AT)] 

AT (1 - a) AT 
mCAT T( for O - <?< 1 

T 2 T 

(1) 

where C (in joules per kilogram per kel- 
vin) is the specific heat of water. The ex- 
tra factor a(l - a)/2 in Eq. 1, compared 
with equation 3 in McNichols et al., 
leads to my statement above. 

E. A. C. CROUCH 

Department of Physics, 
Harvard University, 
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We agree with Hall and Crouch that 
the effective AT loss (T is the absolute 
temperature) associated with removing 
heat from water must be included in any 
detailed analysis of a real thermal energy 
conversion system, along with many oth- 
er thermodynamic, economic, and envi- 
ronmental considerations. We strongly 
disagree, however, that inclusion of this 
AT loss necessarily reduces the achiev- 
able head (for a thermocline temperature 
difference of 15?C) to about 16 m. The 
actual effect depends on the system de- 
sign and heat engine performance. 

Apparently, Hall, Crouch, and we 
agree that the net available equivalent 
head (in meters) (for the example of a 
15?C temperature difference) is given 
by 320f, where f is the system effi- 
ciency as a fraction of the theoretical 
maximum (1). We maintain that f de- 
pends on the system design and is not 
limited by fundamental thermodynamic 
considerations to 1/20 [the value ob- 
tained by Hall for the Ocean Thermal 
Energy Conversion (OTEC) Rankine sys- 
tem does provide a base line, and it is up 
to anyone proposing an improved system 
to show that an f > 1/20 (or some other 
advantage) can be achieved. 

The OTEC system was designed to op- 
timize the AT allocations so as to mini- 
mize the capital cost per unit power 
produced, and ". .. the cost and per- 
formance of heat exchangers dominate 
system economics. . ." (2). This opti- 
mization, for the OTEC Rankine sys- 
tem, requires that the source and sink 
water flow through massive heat ex- 
changers once, and any remaining heat 

is discarded. The OTEC studies con- 
vincingly show that this system will re- 
duce the net output, for a total AT ther- 
mal source of 15?C, to - 16 m of equiva- 
lent head. (Even with this limitation, the 
thermocline resource would provide a 
significant new power source.) How- 
ever, this result is not fundamental, and 
the minimum cost design for systems 
that use non-Rankine heat engines will 
call for different values of f. For ex- 
ample, the Nitinol heat engine, to which 
we referred in (1), utilizes a solid metallic 
alloy as working medium. The working 
material is corrosion-resistant and can be 
placed directly into contact with the hot 
and cold water, and the resistance to 
heat transfer per area between water and 
Nitinol is much less than that for water- 
heat exchanger-working fluid for the 
two-phase Rankine system. Therefore, 
both the 50 percent loss in AT quoted by 
Hall for the OTEC Rankine heat ex- 
changers and the heat exchanger costs 
are essentially eliminated for the Nitinol 
heat engine system. The first elimination 
will increase f directly, and the second 
will certainly modify the optimum AT al- 
location at a lower cost level. 

Crouch's argument also applies to par- 
ticular types of systems and therefore 
does not provide a fundamental limita- 
tion to thermocline energy conversion. 
For example, consider a system for 
which only the warm water from near the 
reservoir surface is included in the reser- 
voir outflow, and the system heat sink is 
provided by cold water which flows from 
below the reservoir surface through the 
dam to the heat engine and is then re- 

turned through the dam to the reservoir. 
This system would result in an essen- 
tially infinite heat sink. (Parasitic pump- 
ing losses must be considered in cost op- 
timization.) For this case, an analysis 
just analogous to that by Crouch results 
in a factor of 1/2 which multiplies the the- 
oretical maximum power, instead of the 
1/8 for the type of systems analyzed by 
Crouch. 

Our purpose in (1) was to report the 
equivalent head available from solar-pro- 
duced lake thermoclines, not to discuss 
factors that depend on the specific type 
of heat engine system selected for that 
application. The results of the OTEC 
Rankine studies should not be used as a 
basis for discarding a valuable energy re- 
source. Rather, they should be utilized 
to focus attention on the development of 
non-Rankine heat engines and systems 
that are optimized for commercial utili- 
zation of the valuable thermocline ther- 
mal energy resource. 

J. L. McNICHOLS 
W. S. GINELL 

McDonnell Douglas Astronautics 
Company, Huntington Beach, 
California 92647 

J. S. CORY 
Cory Laboratories, 
Escondido, California 92025 
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Centennial 
The 4 July issue will celebrate our 100th birthday. Part of the issue will portray the history of the magazine and its 

relationship to the American Association for the Advancement of Science. The major portion of the content will be 
devoted to an examination of the present status and progress of the sciences, applied sciences, and the interactions of 
science and technology with major societal problems. 
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