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B ' 

Synops i s 

This paper discusses the division of energy among the various 

competing processes, in the sequence from the collection of the Solar f lux,  

to  the production of e lec t r ica l  power a t  a "busbar output", for  the Shallow 

Solar Pond scheme. I also review the basic c r i t e r i a  and the logic fo r  the 
* 

particular configuration choices made here; th i s  representative "fiducial" 

system i s  depicted i n  Figs. 4 ,  5 and 6. The Solar col lector  would u t i l i z e  

shallow flowing water t o  t ransfer  thermal energy to  a hot water reservoir 
b ( a t  Q 95OC). Several layers of p las t ic  sheet would cover the collection area,  

t o  suppress heat losses. A Rankine Cycle thermodynamic system would convert 

;V. part  of the heat energy to  shaft  work and thence to  e l ec t r i c i ty .  I t  would 

ut i  1 ize a Freon gas turbine, a1 ong with evaporator, condenser and pressurizing 

pump; the rejected heat would be removed by an evaporation pond ( a t  Q 25OC). 

The fiducial  system used fo r  t h i s  analysis,  is assumed to  have 

an area of 1 km2. I t  would f igurat ivel)  deliver an output of 8% Megawatts; 

i t s  mean effici,ency f o r  the reference, i n p u t  i s  2.8%. The reference operating 

point corresponds to  equinoctial noon, 33ON l a t .  (No attempt was made in 

th i s  i n i t i a l  analysis t o  include a Summer-Winter optimization). The various 

losses and power expenses, are sumnarized in the "power account" of Table I. 

For some items, the available residue represents a difference between large . . 

phenomenological competitors. Other items represent unavoidably necessary 

"support functions" i n  the system dynamics. Despite tha t  low efficiency, 

the sa l i en t ' po in t  of t h i s  scheme, i s  the prospect of unit  costs so low, . 
as t o  more than compensate therefor. 

This Part I addresses the complete numerical analysis. The 

Heat Exchanger design problem became suff ic ient ly  complex as t o  warrant 

i t s  discussion as a separate Part 11. 

Note tha t  as a low grade thermal source, this equivalence holds: 

1 km2 Solar Pond thermal yield = 1000 bbls of o i l  daily,  

iii 



Table I 

System Power Ledger 

1 km2 pond f i e l d  

) 

Solar input (Equinoctial noon, 33' N ] a t . )  

Cosine elevation fac tor  
900 Megawatts 

750 

' Thermal Sub-system 

Blanket transmission fac tors  (-250) 

Fresnel ref1 ection -1 80 

IR absorption - 45 

Absorber back-scatter - 25 

Net Pond Field input 500 . 

Blanket loss  fac tors  \ (-170) 

Condyction 

Convection 

Radiation 

Base conduction 

Net Pond Field thermal output 330 Megawatts 

Thermodynamic Sub-system 

Average continuous thermal power 
(@ secular  f ac to r )  

Ideal Rankine output 

Real Turbine output 

11 0 Megawatts 

Rejected heat ~ 1 0 0  

System operati  on 1 oads (-  2.1) 
. Col l e c t o r  c i rcu la t ion  pumps - .25  

Exchanger c i rcu la t ion  pumps - .6 

TD pressurization and Freon - .35 
c i rcu la t ion  

Elect r ical  generation losses  - .65 

Control and u t i l i t y  requirements - .25 

net  Busbar .Output 8.4 Megawatts 



I n t r o d u c t i o n  

( 1  My purpose here i s  t o  assess the  So lar  Shallow Pond System concept , 
t o  o u t l i n e  some new ideas and determinat ive  cons t ra in t s ,  and t o  d iscuss the  

r a t i o n a l e  f o r  a  p a r t i c u l  a r  s e t  o f  component choices, among candidate a1 t e r n a t i v e s .  

The approach i s  genera l l y  s i m i l a r  t o  t h a t  used i n  the  Greenhouse Analys is ,  b u t  

I omi t  much of the  i n t r o d u c t o r y  basics presented i n  t h a t  s tudy(2) .  The 
design-economics r e l a t i o n s h i p s  concerning s u i t a b l e  Heat Exchangers became 

so involved,  t h a t  i t  was adv isab le  t o  compose t h i s  Ana lys is  i n  two pa r t s .  

The Heat Exchange issue i s  n o t  a  t r i v i a l  one. 

The appl i c a t i o n a l  , t e r r e s t r i a l  , convers ion o f  Sun1 i g h t  on a  major 

sca le  on Earth,  i s  tempered by t h i s  summary observat ion:  There have been a  

number of t e c h n i c a l l y  competent attempts a t  "Solar  Power" d u r i n g  the  pas t  century.  

None operate today; none l e d  t o  p r e s e n t l y  opera t ing  systems. Ret rospect ive ly ,  - 
every system seems t o  have one o r  two "obvious" shortcomings; every proponent 

v igo rous l y  champions h i s  "answers". The record  speaks f o r  i t s e l f .  

The bas ic  pragmatic i ssue  thus remains: Can one c o n t r i v e  a  So lar  

power c o n f i g u r a t i o n  , us ing  common' i n d u s t r i  a1 resources, which cou ld  produce . 

economical ly marketable power today ? This  ana lys i s  addresses a  rep resen ta t i ve  

Sha l l  ow Pond c o n f i g u r a t i o n  assuming t h a t  a  cos t -e f fec t iveness  cross-over i s  

forthcoming: By a  s i g n i f i c a n t  r i s e  i n  cos ts  o f  convent ional  systems (and o f  

t h e i r  f ue l s ) ,  and by a  developmental reduc t i on  i n  cos ts  f o r  t h i s  So lar  system. 

A new i n f l u e n c e  has a l s o  emerged s ince  the  o r i g i n a l  Greenhouse study, 

a t  l e a s t  l o c a l l y :  A c o n v i c t i o n  t h a t  So lar  power w i l l  "ge t  o f f  the  qround" 

most e f f e c t i v e l y  by the  e a r l i e s t  poss ib le  techn ica l  system demonstrat ion - any 

A 
reasonable demonstrat ion - even one which might  seem, a t  f i r s t , . e c o n o m i c a l l y  

' unfavorable. To such an end, one then adds the  c r i t e r i o n  o f  examining those 

con f i gu ra t i ons  which generate the  s h o r t e s t  and least 'demanding l i s t  o f  R&D quest ions.  

1. I nven t i on  Case No. IL-5805; A Shal low Pond . . . System. 

2. The Greenhouse So lar  Power Scheme, SDK-73-10. 



Techn ica l l y ,  t h i s  scheme belongs t o  the  c lass  o f  So la r  schemes known 

as " f l a t - p l a t e  non-concentrat ing systems"; such systems e x h i b i t  some performance 

p e n a l t i e s  as a r e s u l t  o f  t he  seasonal v a r i a t i o n  i n  t he  e c l i p t i c  plane. I make 

no attempt a t  a d e t a i l e d  d i u r n a l  ana lys i s  here; 1 eva lua te  system performance 

a t  a j u d i c i o u s l y  chosen l o c a t i o n  and time. (Arizona, e q u i n o c t i a l  mid-day.) 

Such a c r i t i c a l  s tudy would warrant  a more pa ins tak ing  d e l i n e a t i o n  o f  a l l  

system components, as w e l l .  

Concept Evo lu t ion .  The So la r  Greenhouse explored t h e  use o f  a i r  - 
as t h e  thermal and thermodynamic ' f l u i d s .  Here I examine a p a r t i c u l a r  s e t  of 

geometries which use water  t o  the  same ends. .(Note a l s o  the  Voyageur's 

Guide III.)(~) The Shallow Pond r e t a i n s  a thermal con ta ine r  analogous t o  t h e  

Thermal Blanket,  b u t  w i t h  l ess  severe techn ica l  and p r a c t i c a l  c r i t e r i a .  

It was ev iden t  from the  Greenhouse study, t h a t  i t s  performance goals 

generated a l i s t  of R&D tasks which was f a r  from " immediately" s a t i s f i a b l e  

from an e a r l y  demonstrat ion standpoint .  One way t o  amel io ra te  t h i s  s i t u a t i o n ,  

was t o  reduce the  working temperature; hence the  "Solar  Poorhouse". A t  150' C 

f o r  example, t he  thermal b lanket  becomes a much more manageable e n t i t y ,  and 

one can a l s o  take  r e s o r t  i n  unsoph is t i ca ted  low-pressure steam cycles.  A 

major f e a t u r e  o f  t he  Poorhouse which i s  c a r r i e d  over  i n t o  t h e  Shallow Pond 

scheme, i s  t he  separa t ion  o f  t he  c o l l e c t i o n  and storage func t ions .  Whenever 

the  So la r  f l u x  f a l l s  below a usefu l  l e v e l  ( a t  n i g h t  o r  i n  inclement weather), 

the  ponds can be dra ined i n t o  an i n s u l a t e d  storage r e s e r v o i r .  The r e s i d u a l  

heat capac i t y  o f  the  d ry  ponds i s  low enough t h a t  they  may cool  down w i thou t  

g rea t  pena l t y  on s ta r t -up .  

I n fo rma t ion  concerning an isothermal So lar  Pond p r o j e c t  (GE-Dow, 1962) ('I 
provided the  s t imu lus  and j u s t i f i c a t i o n  f o r  t a k i n g  a f i n a l  e v o l u t i o n a r y  s tep  

down t o  Q 100°C, and conver t ing  the  c o l l e c t i o n  scheme t o  what i s ,  i n  e f f e c t ,  

a  "water-cooled" f l a t - p l a t e  i n t e r c e p t o r .  

Concurrent examinations o f  t he  s t r a t i f i e d  "deep" pond scheme 

(8 l a  ~ a b o r ) ' ' )  suggested t h a t  i t  a l s o  seemed t o  generate a l ong  l i s t  o f  

R&D quest ions. A shal low flow-pond, w i t h  a separate h igh-capaci ty  s torage 

element, appears t o  reso l ve  many o f  t h e  problems as seen from t h i s  v iewpoint .  ( 6 )  
. .  . . . 

3. So la r  Energy - A Voyageur's Guide, Pa r t  I11 - " S t a r t l n g  Over" (October, 1972) 

4. P r i v a t e  communication, F. Ed1 i n  

5. So la r  Pond P ro jec t ,  Tabor and Matz; So la r  Energy, Vol.  9,4,p.177 (1965) 

6. So la r  Ponds Extended, A. C la rk ,  UCID-16317 
. . . . .  . - .  
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Of course, such a conceptual trend has brought with it a significant 
thermodynamic penal ty. The achievable Carnot temperatures are at once " 1 ocked 
in" to certain particular 1 imits - by the boiling point of wate$ on the one 
hand (TI = 100°C), and by the ambient atmospheric temperature on the other 
(Ti = 20°C). The maximum possible Carnot efficiency is then about 20%; real 
thermodynamic systems will do much less than that (%'1'0%, with luck). Taking 

. . 

into account the limitations in collector performance, and also, a host of small 
peripheral power penal ties, the overall efficiency prediction is about 3%. 
The salient point of the Shallow Pond schenie; '1s ' a  'peTcepttble . . 'pTospect .of  unit 
costs'so low as to.more than'comperisate for'tRis'low'effi'ciency. 



Overall System Considerations 

In the course of system development, it is often the case that the 
system definition at the end of the exercise is noticeably different than at 
the beginning. I tried to avoid this in the Greenhouse analysis by adopting 
a "fiducial module" as a case example - not necessarily an optimum one. 
Material and configurational variations and alternatives could then be 
evaluated relative to that fidu case. The slippery situation which I 
encountered thereby, lay in the initial assignment of a particular output 
number (like 10 Megawatts). Our analysis schemes are still too causal* 
and elementary to readily accommodate such a defined end-point. There are 
too many undetermined parameters operating in series. For thi's exercise, 
I will instead define a fiducial input: The collection area - One square 
kilometer. 

A = l  km2 

This turns out to be a fortuitous choice from the standpoint of the design 
of several of the system elements. This dimension is also the nearest metric 
unit to a 10 Mw configuration assuming: 

/ 

$ =, .07 watts/cm2 (peak solar flux) 
a = 1/3 (secular factor) 
E '= 3% (overall efficiency) 

Find: A '= 1.4 km2 (for 10 Mw) . . 

In the early stages of this exercise, it became clear that there 
were much closer relationships between the choices and designs of the individual 

I 

system components, the economic trade-offs, and the performance of the complete 
system (than was the case in the Greenhouse). This is in part, a consequence 
of those ''1 ocked-in" Carnot temperatures ; that considerably simp1 ifies an 

analytic exercise (Temperature is no longer parametric), but it seems .to 
brihg in an embroidery of appl icational possi bi 1 i ties and of a1 ternative 
system configurations. It is a1 so a consequence of the relative conservatism 
of the entire concept, and of its components. These are nearly all "off-the- 

shelf" - or constructible from off-the-shelf materials. 

* not "casual" ! 



Without as yet  specifying a fidu system, I reference Fig. 1 ,  which 
i s  a simple block diagram of the major sub-systems. The insertion of the hot 
water thermal storage has major system design and performance implications: 
I t  effect ively decoupl es the thermodynamic machinery from the Solar flux 
col lector ,  a t  l eas t  on a daily secular basis. 

Next, I  out l ine some of the interest ing relatfonships between: 

1. Solar Pond thermal gradient 

2. Buffer/storage location and technique - 

3 .  TD sub-system configuration and f lu id  choice 

4. Market address: 
Demand profi les  , price premiums, location factors 

This is perhaps our f i r s t  encounter with the re la t ive ly  del icate  influence 
of the customer ( fo r  Solar power, a t  l e a s t ) .  I suspect t h i s  i s  par t ly  

because the fixed-temperature framework removes the coarseness of gross 
parametric technical variations within the system, so as t o  make more 
apparent the impact of ex ter ior ,  less-technical fac tors ,  such as $. 
Slight ly different  technical alternatives are more eas i ly  seen t o  be t te r  
match different  power demand models, o r  singularly restricti 've resource 
s i tuat ions.  

An implicit  feature of both the thermal and thermodynamic segments 
of the fidu system described hereunder i s  an accommodation f o r  a relat ively 
broad range of operating conditions. The daily integrated " f a i r  weather" 
solar  input may. vary by a factor  of 5 or 6 during a year, and the market 

t, 
demand cer tainly f luctuates  by a factor of 2 - and not necessarily 
"in phase". Hence the power "thru-put" - and possibly the Carnot temperatures - 
will depart noticeably from t h i s  "single-point" analysis. The essential  

point of accommodation in the system, i s  the Freon turbine. The experience 

and design indications for  such machines show tha t  they can have an 
exceptionally broad range of e f f i c i en t  performance and of i n p u t  and load 
tolerance, around t h e i r  specification point. This i n i t i a l  analysis thus 
does not attempt a more del icate  economically-oriented optimization. 
That i s  suf f ic ien t ly  coniplex to  warrant a f a i r l y  sophisticated computational - . 

attack. 



The Thermal Gradient. There i s  a fundamental thermal number for  

Solar Pond systems: . The maximum ra te  o f  heating of a u n i t  volume of water, 

assuming to ta l  flux absorption in i t .  (Either by close contact with a black 

interceptor. surface, or  by virtue of an'opaque dye. I t  can be a moving 
element, as 'in the Shal low Flow scheme, and the number may be representative 

of an average, as in the case of mildly turbulent flow: 

6T = A = .018OC per sec. ' (per cm depth) 
pCp 

or % 1°C per minute (max. ) 
(Since p and C are unity in metric systems, the numerical value i s  the 

P 
same as the Solar flux number'. ) 

This i s  an "unappe.alable" number; i t  i s  cer tainly l e s s ,  b u t  i t  cannot be greater.  

Evidently i f  we s t a r t  with 20°C water one cm deep, a f t e r  about 4500. seconds 

(1-1/4 hours), the water i s  u p  t o  100°C. (Provided tha t  i t  i s  well insulated.)  
Beyond tha t ,  the Solar radiation s t a r t s  being converted into la ten t  heat of 

evaporation, w i t h '  no fur ther  benefit t o  the thermal operation, and very 1 i kely 

some mechanical detriments. We can leave i t  out there longer, i f  we make i t  

deeper; thus a quiescen,t pond IL 8 cm deep can jus t  about absorb one day's 

solar  input s ta r t ing  from "scratch", and suppressing a l l  losses. This i s  
well validated by the experience in Solar s t i l l  performance. ( 7  

Shortly, I will discuss the large penalty which the scheme suffers  

from every avoidable thermal and thermodynamic loss.  Nevertheless, there i s  

an unavoidable penalty due t o  such heat exchangers as may be required. Even 

with high f lu id  circulation ra tes ,  there must be some temperature differences 

across heat t ransfer  surfaces, and in extracting thermal energy from the 

pond water. Assuming a low-loss thermal reservoir,  the water returned to  the 

pond cannot be much colder than the water discharged by the evaporator. I t , i s  

sometimes argued that  the thermal t ransfer  f lu id  i t s e l f  should somehow be 

cooled a l l  the way down t o  near ambient, before being returned to  the col lector .  

In a thermodynamic analysis,  i t  i s  eas i ly  shown tha t ,  fo r  "simple" (one-loop) 

systems, t h i s  i s  essent ial ly  "in~possiblk". 

7.  ,Solar Di s t i l l a t ion ,  e t c . ,  Carl Hodges e t  a1 , Univ. of Arizona Solar 
Energy Lab, January, 1966 



It i s  c r u c i a l  t o  recognize t h a t  t he  s o l a r  r a d i a n t  absorpt ion . 

e f f i c i e n c y  i s  impercept ib ly  a f f e c t e d  by the  mean water temperature. The 

e f f e c t i v e  source temperature i s  'L 6000°K; i t  i s  immaterial  i f  the  i n t e r c e p t o r  

i s  a t  293°K o r  373°K. 

The substance of these g rad ien t  arguments, i s  t h a t ,  i n  a simple 

f i d u  system, the  shal low ponds must be v i r t u a l l y  isothermal .  Assuming a 

3" temperature excursion, the  ho t  water recovers t h a t  heat i n  about 

10 minutes o f  s o l a r  exposure. I t  must be a f a s t - f l o w  system. 

The economic circumstances p e r t i n e n t  t o  the  compet i t ion  between 

photon capture e f f i c i e n c y  i n  the  c o l l e c t o r  and thermal leakage from it, 

are  s u m a r i l y  discussed i n  UCID-16386, P t .  1  For a g iven s t a t e - , o f - a r t ,  

there  appears t o  be a broad optimum i n  c o l l e c t o r  c o n f i g u r a t i o n  and design 

temperature. That compet i t ion "cuts o f f  the  Sun" i n  designs at tempt ing t o  

achieve higher-than-optimum c o l l e c t o r  temperatures, such t h a t  c o l l e c t o r  

e f f i c i e n c y  fa1 1 s d r a s t i c a l l y .  It i s  f o r t u i t o u s  t h a t  today 's  ma te r ia l s  

technology leads t o  an optimum temperature domain no t  much above the  

b o i l i n g  p o i n t  o f  water. A considerable advance i n  mass-produced o p t i c a l  

m a t e r i a l s  i s  requ i red  t o  p r e d i c t a b l y  improve the  s i t u a t i o n .  And then o f  course, 

water may no longer  be an appropr ia te  thermal medium. 

8. On ' the  Economics o f  Thermodynamic Solar  Power Systems, September, 1973, 
P a r t  1 - The E f f i c i e n c y  Funct ion. 



Storage. Already today, a s ignif icant  economic relationshi p can 
be argued as between the power market, and e f f i c i en t ,  convertible storage. 
The impact of "Storage" per se  thus goes fur ther  than Solar Power. For 
example, consider the persistent dai ly  peak load requirement i n  strongly 
industrialized regions. The ava i lab i l i ty  of a high-capacity, re1 iabl e ,  

reasonably compact storage means would make possible a local "in-house" 
time-shift of energy bought a t  cheaper "midnight prices",  t o  th i s  daytime 
peak. As another aspect, a sui table  storage device (e.g. , a "super-flywheel") 
could reduce the severe transmission losses associated w i t h  peak demands, by 
serving as a local reservoir f o r  peak shaving. 

In such applications, we speak of very substantial energy storage 
quant i t ies ,  of course. For example, consider a 20% saw-tooth peak on a 1000 
megawatt network, with a base time of 6 hours. That corresponds t o  a storage 
requirement of 2 x 1012 joules (or about 1/2 kiloton of energy). If a singular 
storage accident releases th is  energy in sec,  one has the equivalent of 
a small nuclear explosion. A near-urban storage location would evidently 
necessitate special ins ta l la t ion  precautions. 

There is one technical system feature which bears especially strongly 
on storage as  applied t o  Solar power systems: The interaction between the 
system conversion efficiency and the storage point . .  If the collection efficiency 
i s  5% as seen a t  the busbar output, then storage a t  the col lector  requires 
20 times the capacity needed a t  the busbar, and i t  must be 1/20 as cost ly ,  
per joule stored. As a corresponding opposite l imit  model, consider now a 
1000 megawatt Solar plant,  with three days full-output storage in the thermal 

ib loop. This c a l l s  f o r  a total  storage capacity of 5 x 10.15 joules 
(Q one megaton ! ).  Aside from the somewhat .appall i n g  physical imp1 ications 
wtth respect to  meaningful 24-hour "Solar power", these numbers a re  qui te  
s t r ik ing  i n  once again exhibiting the awesome dimensions of the e ~ i ~ s t i n g  

U.S. energy complex. 



A f i r s t  examination thus suggested tha t  perhaps we might examine 
two system a1 ternatives here: (1 ) A t rue 24-hour, strongly-buffered: system, 
and (2 )  A .l ightly-buffered, "peak-shaving" system. B u t  the technical and 
,market interactions i n  t h i s  l a t t e r  s i tua t ion  appear suf f ic ien t ly  in t r i ca t e  
as to  warrant i t s  separate consideration. 

A conservative storage choice f o r  a 24-hour water-based system, 

i s  a hot water reservoir. While i t s  storage density i s  very low, i t  i s  
probably the most straightforward and cheapest contemporary scheme, and i t  

connects naturally into a shallow Solar pond concept.. In essence, the 
storage feature of the deep Solar pond (e.g. , per Ed1 in)  i s  separately and 
more e f f i c i en t ly  provided, and nighttime collector losses can be essent ial ly  
eliminated. I t  seems re.asonable t o  extrapolate known reservoir technology 
t o  the dimensions and temperatures involved here, although we may be i n  fo r  
mild surprises.  

From a thermodynamic analysis standpoint, such a configuration has 
the side benefit bf furnishing re1 at ively fixed Carnot temperatures. The dai ly  
"ripples" due t o  the Solar i n p u t  peak, and the power wl'thdrawal peak, a re ,  
percentagewise, small. Conversely, a real-ti.me, lightqy-buffered system 
undergoes large performance f l u c t u a t ~ o n s  , the design-analysis problems are  
much more complex - and so too, are the performance problems. 

Some Thermodynamic Issues. UCID-16386, P t .  2") discusses the 
efflcfency-cost tradeoff with respect t o  turbines sui table  fo r  thermodynamic 
Sularl power systems. I t  1s shown that  th i s  tradeoff is  of order 3.0:1 - Each % 
gain i n  turbine efficiency i s  worth u p  t o  30% in price ( ! ) .  I t  i s  an argument 
which may be generalized to  any downstream aspect w i t h  similar tradeoff 
impact - such as the Carnot' temperatures themselves,and the thermal differences 
i n  the heat exchangers. I t  would be best i f  the col lector  thermal efficiency 

could be improved - b u t  the component price trade-off i s  nowhere near as  
a t t rac t ive :  A 1% efficiency gain i s  worth only 1% in permissible col lector  

price increase, roughly speaking. That does not mean tha t  such improvement . 
. . - 

isn't worth i t  - only tha t  f o r  the thermodynamic sub-system, one can in 

e f f ec t ,  throw away the price catalog. 

9. On the Economics of Thermodynamic Solar Power Systems, sept&ber, 1973 
Part 2 - The Turbine Trade-off. 



Aside from the low Carnot efficiency, the narrow temperature domain 
(20°C to 100°C) presents certain special problems in choosing and thermodynamical ly 
manipulating a suitable fluid. Most TD power machines basically use the Rankine 
cycle or some derivative thereof, so that one wants as well a fluid which can 
be condensed just above T2 2, 20°C. Hence the vapor pressure ratio is likely 
to be low, which requires that the gas volumes and the machine elements 
(rotors, stators, nozzles, ducts, etc.) be very large. There is some economic 
compensation in the lower rotor speeds and in the avoidance of exotic high- 
temperature alloys. 

Past experience with water as a TD fluid in this domain, has been 
unattractive (at best). The enthalpic (Joule) efficiency is very low (2, 4%) 
as a guideline limit; real TD machines (e.g. turbine bottoming stages) .achieve 
perhaps 60% of that number, or 2, 2-112% net TD efficiency. The alternative is 
to use an exotic fluid - in particular, one of a limited group of Freons, 
per Table 11. As indicated there, the enthalpic TD efficiencies are noticeably 
higher (Q 14%), and one can hope for as high as 70% TD machine efficiency. 
Even though it may be a "custom job", the design of appropriate Freon trubines 

(10) appears to be a reasonably well-practiced procedure; note Appendix A. . 

As configured here, the fidu scheme is to use heat exchangers at 
both Tl and Tp, to ,accept heat from the thermal energy source for mechanical 
conversion, and to reject the residual heat to some exospheric cold sink, such 

as the atmosphere. The exchanger membranes permit complete physico-chemical 
r 

isolation between the media, but they e x t r a c t  a penalty cosL, I n  pumping 

power, and in thermodynamic losses. 
'1 , 

The design problem is compounded by the relatively large constant- 

temperature thermal excursion in the evaporat ion~condensat ion legs. The 

available temperature intervals for manipulating heat are small, so that large, 
quasi-isothermal volumes must be moved around, also threatening economically 
unacceptable pumping power demands. These various heat transfer problems are 

examined in some detail in Part I 1  of this study. 

10. Geothermal 'power Plant .on the Paratunka River, ,Moskvicheva and Popov,. 
UN Symposium on Geothermal Resources, Pisa, 1970. Vol. 2, Part 2, p. 1567 
(Geothennics/l970 - Speclal Issue 2) (This Soviet installation uses. 
a 500 kilowatt Freon turbo-generator) 



And then there i s  the rejected heat problem. Thermodynamic power 

plants i n  general , suf fer  today from the environmental problem of gett ing 

r id  of the degraded, but excess,.thermal power removed by the'Tz exchanger 
(or  condenser) in Rankine cycles. If  anything, a Solar power plant suffers from 
the inverse problem: In the general neighborhood, i t  would return 90% to  95% 

of the energy otherwise delivered by the Sun. The other 5% t o  10% i s  exported 
to  a different  neighborhood. There are incidental quantitative complications 

due to  changed albedos, changed convective a i r  currents and so for th.  

From a technical systems standpoint, i t  i s  d i f f i c u l t  t o  escape the 
broad .conclusion tha t  the ultimate "dump" i s  indeed the atmosphere. (Unless 

the plant i s  on a sea coast.)  Increasingly, large water-cooled inland power 
plants are  being forced (ecologically) to  in se r t  thermal holding reservoirs 

or lakes. Their dominant long-term cooling mechanism i s  la ten t  heat loss 
due to  evaporation. Seen th is  way, the SMUD evaporative towers have an 
admirable, d i r ec t ,  functional simplicity." 

Market Address. There is a so r t  of "causality" i n  the address by 
sc i en t i s t s  t o  energy systems considerations: Obviously one begins a t  the.  

input,and ends a t  the output. Accountants and investors have a very d i f fe rent  
view of "beginning" and "ending": Considering $ as the vehicle of in te res t  

(rather than energy), one begins a t  the output and works forward t o  the i n p u t  ! 
Hence as soon as one enter tains  " ~ a r k e t  Address", some attention must be paid 

t o  th i s  different  viewpoint. 

From the inception of e f for t s  towards applying geo-solar energy 
sources (Solar,  wind, OTG,  e tc .  ) to  modern power needs (actually s ta r t ing  

7 

almost 100 years ago), there was a strong awareness of the real-time mis-match 

between the variations of natural origin in the source power contributions, 

and the demand variations a t  the converted outputs. A variety of 

approaches have been considered fo r  rect i fying t h i s ,  some technical , some 

economic, and even some d ia lec t ic .  The f i rs t -order  resolution (from the 

marketer's standpoint) is to  simply speci,fy that  a Solar system should s e l l  

power in a manner completely competitive with convcntional power producers 

(fossi.1, hydroelectric, nuclear). Besides costing no more, i t  should have 

essent ial ly  the same f l e x i b i l i t y ,  and equivalent 24-hour capabili ty.  

* Sacramento Municipal Ut i l i ty  Di s t r i c t ,  Nuclear Power Plant (S.E. Sacramento Co. ) 



That has invoked a wide variety of hopefully compatible energy 

storage schemes. (Also labeled "buffering" or  "ballasting".  ) The available 

and re l iab le  schemes today are very cumbersome and uncertainly expensive, 

such tha t  one cannot face a "24-hour" requirement. with much confidence. or 

enthusiasm fo r  very high power levels ,  a t  t h i s  w r i t i n g .  B u t  i n  a l l  t h i s ,  

there is an implicit  (and unwarranted) assignment of adaptabili ty as a feature 

of conventional power p i i n t s ,  .which i n  f a c t ,  they don't  possess e i ther .  In 

the past,  power companies have gone to  great lengths to  t ry  to  operate the i r  

fdss i l  and nuclear plants a t  constant loading, f o r  reasons of technical 
necessity and operational economy, by: 

Sel I ing commercial/industria1 power a t  cut ra tes  a t  n i g h t ,  

Promoting e l ec t r i c  heating (in winter) i n  summer A / C  areas,  

Peak shaving auxi l ia r ies ,  
Load switching ("juggling"),  so that  the hydroelectric segment 

bears the brunt of load variation. ( I t  has the largest  and 

easiest  load/cost la t i tudes . )  

There has thus developed a psychology of "habit" or convention, 

which may be as  much as obstacle in "sel l ing" unbuffered Solar power as may 

be any part icular  technical issue. One can argue oppositely - tha t  the 

ultimate energy demand and foss i l  fuel costs will become so c r i t i c a l ,  t ha t  

power companies will buy any new busbar power f o r  dis t r ibut ion a t  any time 

of day, and i n  par t icular ,  while ,the Sun shines. I t  i s  an interest ing observation, 

t ha t  we have had a 24-hour Society,.simply because we were able to  easi ly  exploit  
Nature's foss i l  energy reservoirs. Perhaps the most persuasive argument for  

producing and se l l ing  "real time" Solar power (no delayed-sales storage, per s e ) ,  

i s  tha t  i t  might supplement oil-burning power plants in such a way as  t o  

s ignif icant ly reduce fuel costs.  Arguments have been made tha t ,  a t  % $7.-a barrel ,  . 
i t  becomes economic to modify oil-burners so that  t he i r  outputs can follow the 

real-time demand. The hydro plants then a lso  begin to  look more l ike  "free fuel"  

sources, and they would be run "wide open" a l l  the time instead. 
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A t h i r d  v iew o f  market  i n f l u e n c e  i s  t o  examine t h e  t y p i c a l  m e t r o p o l i t a n  

power demand curves, t o  see i f  t h e r e  a r e  some p a r t i c u l a r  ways i n  which So la r  

p l a n t s  cou ld  a s s i s t  t h e  e s t a b l i s h e d  power g r i d s  i n  c o n j u n c t i o n  w i t h  some 

i n te rmed ia te  grades o f  t ime-delayed b u f f e r i n g .  F i gu res  2 and 3 d e p i c t  two 

t y p i c a l  l o a d  days, one i n  l a t e  summer, one i n  mid-winder.  Both show n o t i c e a b l e ,  

delayed, l o a d  peaks, r e l a t i v e  t o  t y p i c a l  cor responding S o l a r  i npu t s .  (Dashed curves 

Such peaks a r e  p a r t i c u l a r l y  c o s t l y  t o  s a t i s f y  f rom remote convent iona l  power 

p l a n t s ,  because t h e  f u e l  requi rement  then  approaches p 2 ,  r a t h e r  than  P. The 

reason f o r  t h i s  i s  t h a t  t h e  inc reased  t r ansm iss ion  vo l t age  drop r e q u i r e s  a  

cons ide rab le . i nc rease  i n  busbar vo l tage ,  on t o p  o f  t h e  inc reased  o u t p u t  c u r r e n t .  

A t o t a l  energy supp ly  system mi,ght u t i l i z e  a p p r o p r i a t e l y  b u f f e r e d  

S o l a r  p l a n t s  t o  s a t i s f y  these de layed peak demands as t h e i r  p r i n c i p a l  f u n c t i o n .  

T h i s  s p e c i f i c a t i o n  s i g n i f i c a n t l y  reduces t h e  requi rements on t h e  s to rage  

element, as compared t o  a  24-hour ope ra t i on .  U l t i m a t e l y  one m igh t  t h i n k  

i n  terms of a  power g r i d  i n  which e x i s t i n g  o i l - b u r n e r s  would be m o d i f i e d  

and operated p r i m a r i l y  t o  f u r n i s h  back-up power dur ing '  s i n g u l a r  events ,  

such as ex tens i ve  storms. 



Concerning Basic Data. There i s .  an ex tens ive  d iscuss ion  o f  appl i e d  "source 

m a t e r i a l "  concerning p e r t i n e n t  thermal and thermodynamfc processes and 

substances, i n  the  Greenhouse Ana lys is  (SDK 73-10, p. 20). That remains 

general l y  appl i c a b l e  here; t he  emphasis on p a r t i c u l a r  1 i qu fds  as working 

media on l y  changes ' the  numerical and dimensional range of f l u i d  physics 

Such supplementary data as a re  appropr ia te  w i l l  appear as t h a t  i s  r e l e v a n t  

t o  t he  development here, and i n  P a r t  11. 

Un i t s .  The d u a l i t y  o f  u n i t  systems i n  a p p l i c a t i o n a l  work pe rs f s t s .  I t  i s  

convenient t o  use both m e t r i c  and Eng l ish  u n i t s ,  depending on top i c .  Some 

key conversions inc lude:  

Trans fer  Coeff: 1 cal/cm2 sec O C  = 7370 B T U / ~ ~ ~  h r  OF 

Thermal Content: 1 cal/gm = 1.8 BTU/lb 

M a t e r i a l s  P rope r t i es  - WATER. Since water i s  a " b i g  t h i n g "  here, i t  i s  use fu l  

t o  p u t  down some o f  i t s  basic  thermal p r o p e r t i e s :  . 

Thermal Conduc t i v i t y  k = 1.43 x cal-cm/cm2-sec O C  

Dens i ty  p, = 1 .O gm/cm3 

S p e c i f i c  yeat  C = 1.0 , cal/gm O C  
P 

D i f f u s i v i t y  v = 1.43 x cm2/sec 

V i s c o s i t y  YI = .01 



System D e s c r i p t i o n  - The F i d u c i a l  Module 

Th i s  S o l a r  Shal low Pond scheme i s  examined ' in  terms o f  t h r e e  

sub-sys tems : 

A  thermal i n p u t  l o o p  

A  thermal s to rage  element . . 

A  thermodynamic convers ion  1  oop 

The hea t  t r a n s f e r  agent among these, i s  h o t  water .  There i s  r e a l l y  a  f o u r t h  

sub-system - t h e  thermal r e j e c t i o n  element - b u t  i t  i s  t r e a t e d  r a t h e r  b r i e f l y  
i. 

below, as p a r t  o f  t he  TD sub-system. 

There a re  some i n t e r a c t i v e  des ign aspects i n  t h i s  scheme; as 

a l r eady  mentioned, t he  s t r o n g l y  i n e r t i a l  thermal s to rage  does decouple 

t h e  two o p e r a t i v e  1 ' 00~s  t o  a  c e r t a i n  e x t e n t .  

Th i s  f i d u  system is i l l u s t r a t e d  i n  F igs .  4 and 5.. Wi th  r espec t  

t o  t he  severa l  impact aspects  no ted  e a r l i e r ,  i t  i n v o l v e s :  

A  low-gradient. ,  f a s t - f l o w ,  sha l low pond f i e l d .  

An "ove rn igh t "  TI h o t  wa te r  s to rage  r e s e r v o i r  

A  r e l a t i v e l y  conven t i ona l ,  Freon, Rankine-cyc le  t u r b i n e  

An evaporat ion-cooled Tp .l ake 

Market  emphasis on genera l ,  24-hour power supp ly  

Thermal Sub-system - The S o l a r  C o l l e c t o r .  T h i s  i s  t h e  ma jo r  element o f  t he  

thermal sub-system; t h e  pond f i e l d  c o n s i s t s  o f  an a r r a y  o f  f l a t ,  sha l low,  

f l ow ing -wa te r  t roughs .  A v a r i e t y  o f  f a b r i c a t i o n s  a re  p o s s i b l e  f o r  a  t rough.  

One ve rs i on  i n v o l v e s  a  composite p l a s t i c  shee t ing  l ayed  on a compacted 

e a r t h  base w i t h  cemented curbs. The t r ough  c o n f i g u r a t i o n  i n d i c a t e d  here 

( F i g .  6 ) ,  c o n s i s t s  o f  p r e - f a b r i c a t e d  p l a s t i c  boxes, l ayed  end-to-end on 

a  graded, colnpacted base (no cu rbs ) .  The b u t t  ends a re  shaped t o  a c t  as 

wate r  l e v e l i n g  w e i r s  o r  " r i f f l e s " .  T h e i r  purpose i s  t o  e l i m i n a t e  bare 

"ho t -spo ts "  due t o  smal l  grade changes. The water  head t o  be suppor ted w i l l  

be q u i t e  sma l l ;  t h e  wate r  i s  t o  f l o w  as a  sheet  about 1  t o  3 cni deep. 
\ 
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Each t r ough  i s  t o  be covered by a t r anspa ren t  " b l anke t " ,  as i n  

t h e  Greenhouse scheme. Here it, i s  shown as c o n s i s t i n g  o f  t h r e e  

s e m i - r i g i d  sheets  of thermally-stable,.transparent p l a s t i c ;  these sheets  

would be assembled as a "sandwich" i n t e g r a l  t o  t h e  p r e - f a b r i c a t e d  box and 

separated and secured by means o f  an i n t e r n a l  p l a s t i c  "egg-crate"  web. As 

be fo re ,  t h e  purpose o f  such covers i s  t o  i n h i b i t  convec t ion  and r a d i a t i o n  

1 osses . 
I n  t he  a l t e r n a t i v e  scheme, t h e  b l a n k e t  would c o n s i s t  o f  2 o r  3 

p l a s t i c  f i l m  sheets ,  suppor ted by low a i r  pressure,  and fas tened  t o  t h e  

curbs a long  t h e  t r ough  edges. I n  a  r e p r e s e n t a t i v e ,  1  km2 f i d u  scheme, 

t h a t , w o u l d  r e q u i r e  about  200 i n i l e s  o f  curb-edge i n s t a l l a t i o n ,  The 

economic m e r i t  o f  t h e  p re fab  sandwich may thus  l i e  i n  e l i m i n a t i n g  these 

200 m i l e s  o f  d e t a i l e d  f i e l d  assembly, as w e l l  as i n  e l i m i n a t i n g  t h e  assoc ia ted  

a i r  p r e s s u r i z a t i o n  connect ions,  edge s e a l i n g  and a i r  b lowers.  

The c o l l e c t o r  f o r  a . S o l a r  pond system o r  " f i e l d "  cove r i ng  a square 

k i l o m e t e r ,  would thus  be subd iv ided  i n t o  separate smal l  ponds, f o r  o p e r a t i o n a l  

and maintenance reasons. (Flow r e g u l a t i o n ,  c l ean ing ,  repa i rs . ,  e t c . )  The 

a n a l y t i c  problem i s  then  somewhat analogous t o  t h a t  o f  t he  Greenhouse, i n  

t h a t  we a re  t o  determine pond l e n g t h  and w id th ,  wa te r  f l o w  r a t e s ,  number o f  

ponds, and so f o r t h .  

The Pumps (and plumbing - f lumes and w e i r s ,  a c t u a l l y )  con t i nuous l y  

c i r c u l a t e  t h e  h o t  water .between c o l l e c t o r  ponds, s to rage  r e s e r v i o r s ,  and hea t  

exchangers, d u r i n g  t h e  d a i l y  i n s o l a t i o n  pe r i od .  As a l r eady  noted, thermodynamic 

c o n d i t i o n s  impose very  smal l  p e r m i s s i b l e  temperature d i f f e r e n c e s ,  such t h a t  t h e  

pond f i e l d  m u s t  opera te  i n  a  quas i - i so therma l ,  f a s t - f l o w  mode. The pond wate r  

i s  r ep laced  severa l  t imes p e r  hour.  The pumping l o a d  i s  s u f f i c i e n t l y  c r i t i c a l  

t h a t  some des ign  care  i s  needed t o  keep i t  from becoming a ma jo r  o u t p u t  

pena l t y .  

The Thermal Reservo i r .  T h i s  ho t -wate r  s to rage  element i s  t o  supply  

a  hea t  source f o r  n i g h t t i m e  power gene ra t i on  and d u r i n g  inc lement  weather. I t s  

thermal c a p a c i t y  t h e r e f o r e  should be e q u i v a l e n t  t o  severa l  days o f  i n t e g r a t e d  

i n s o l a t i o n .  Thermal energy would be wi thdrawn a t  about o n e - t h i r d  t h e  peak s o l a r  

i n p u t ,  i n  o r d e r  t o  m a i n t a i n  a  ba lance between cont inuous power w i thdrawa l  and 

t h e  s e c u l a r  s o l a r  i r ~ p u t .  



Again i n  t h e  i n t e r e s t s  o f  m in im iz ing  pumpi,ng power, t h e  system i s  

t i g h t l y  con f igured ,  and t h i s  i s  e s p e c i a l l y  ev iden t  i n  t he  r e s e r v o i r  arrangement. 

We cannot a f f o r d  t o  move t h e  necessary q u a n t i t i e s  o f  water  very  f a r ;  here t h e  

r e s e r v o i r  a l s o  serves as p a r t  o f  t he  hot-water d i s t r i b u t i o n  scheme. 

Thermodynamic Sub-system - The Freon Turb ine.  The f i d u  c o n f i g u r a t i o n  

u t i l i z e s  a  very  convent iona l ,  c losed Rankine c y c l e  system. About t h e  o n l y  

spec ia l  t h i n g  about i t  i s  t he  working f l u i d ,  which i s  one o f  t h e  Freons. 

Several  TD system concepts were examined, i n c l u d i n g  one us ing  a  two-phase 

water  machine ( f l a s h  nozzles and bucket t u r b i n e ) .  That one may n o t  work 

a t  t h i s  low water  temperature because most o f  t h e  a v a i l a b l e  heat  goes i n t o  

t he  l a t e n t  heat  o f  vapo r i za t i on  o f  t h e  vapor f r a c t i o n .  The sub jec t  i s  no t  

c losed,  b u t  a t  t h i s  w r i t i n g ,  t he  Freon l oop  appears t o  generate t h e  sho r tes t  

l i s t  o f  quest ions and problems. Th i s  sub-system inc ludes :  

an evapora t ive  heat  exchanger, 

an impul se t u r b i n e  (and e l e c t r i c a l  'generator) ,  

a  condenser ( w i t h  c o o l i n g  l a k e )  

a  l iqu id -phase p r e s s u r i z a t i o n  pump, 

a  TD f l u i d  b u f f e r  tank.  

The ope ra t i on  o f  t h i s  l oop  i s  a  standard textbook exerc ise ;  i t  w i l l  

n o t  be f u r t h e r  descr ibed here. 

The subsequent analyses o f  these sub-systems are  in tended t o  be 

rep resen ta t i ve  o f  t he  f i r s t - o r d e r  procedures, and the  numbers a re  t y p i c a l  

r a t h e r  than uncond i t i ona l .  The problem i n  more p rec i se  d e f i n i t i o n  l i e s  i n  

t h e  f i d e l i t y  o f  d e t a i l e d  mathematical desc r i p t i ons .  The c a l c u l a t i o n a l  

t ask  then becomes forn i idable enough t o  necess i t a te  computer methods. 

The main t h r u s t  o f  these analyses i s  t o  develop j u s t i f i a b l e  en t r i es ;  

hav ing p l a u s i b l e  embodiments, f o r  t h e  Power Ledger of Table I .  



Thermal Sub-system Analys is  

La ter ,  i n  t he  thermodynamic analysis., I w i l l  examine t h i s  thermal 

c o n s t r a i n t :  The var ious thermal t r a n s f e r  temperature increments need 

t o  be unconvent iona l ly  smal l :  2 o r  3°C. This  imp l i es  comparat ive ly  l a r g e  

water volume f 1 ows, 1 arge thermal t r a n s f e r  areas, 1 arge thermal r e s e r v o i r s  , 
w i t h  r e l a t i v e l y  smal l  temperature excursions. I n  convent ional power p lan ts ,  

. such fea tu res  would be considered as unacceptably expensive techn ica l  l u x u r i e s  , 
b u t  here they a r e . e x c e p t i o n a l l y  c o s t - e f f e c t i v e .  

I n  a s t r i c t  l oop  model, t h e  thermal r e s e r v o i r  i s  p a r t  o f  bo th  the  

thermal and t h e  TD loops. But here, by in ference,  I may t r e a t  i t  as a thermal 

i n e r t i a  so l a rge ,  t h a t  i t  i s  a "constant-vol tage b a t t e r y " .  No ma t te r  how much 

o r  how little heat I take  and r e t u r n ,  i n  one day, the  te rmina l  temperatures are  

impercep t i b l y  a f fec ted .  

So I examine t h i s  i n p u t  element as a thermal .source t i e d  t o  an 

i n f i n i t e ,  constant-temperature s ink .  

The Shallow Pond F i e l d .  E v i d e n t l , ~ ,  when a Solar  power p l a n t  gets 

b i g  enough, "pond" i s  ha rd l y  appropr ia te  as a desc r ip to r ;  the  c o l l e c t i o n  area . 

needs t o  be subdivided, f o r  f l e x i b i l i t y  and convenience i n  opera t ion  and 

maintenance. (One might  c a l l  i t  a "Solar  lake" ,  b u t  t h a t  s t i l l  i n f e r s  an 

i n t e g r a l  body.) The des ign lana lys i s  problem here i s  t o  o u t l i n e  some l o g i c a l  

t echn ica l  c r i t e r i a  f o r  subd iv is ion ,  and t o  develop p e r t i n e n t  thermal 

s p e c i f i c a t i o n  numbers f o r  a one km2 f i d u  f i e l d .  (Net thermal output ,  losses, 

f 1 ow requ.i rements , e tc .  ) 

The f i d u  system i s  e s s e n t i a l l y  a s teady-s ta te  scheme, both the rma l l y  

and thermodynamically. Dur ing the  So lar  day, the  pond f i e l d  must be operated 

so t h a t  t he  captured Solar  energy i s  t rans fe r red  out  as f a s t  as i t  enters,  o r  

e l s e  the water b o i l s .  The neates t  way t o  do t h i s ,  i s  t o  c o n t r o l  t he  water 

f l o w  r a t e  through the  pond f i e l d .  



The Inpu t .  The mass f l o w  must be s u f f i c i e n t  t o  remove t h a t  p a r t  o f  t h e  , 

i n p u t  So la r  power which u l t i m a t e l y  ends up i n  t h e  water.  The t o t a l ,  c lear-day,  

v e r t i c a l ,  peak i n p u t  a t  3 3 O N  l a t i t u d e  (Arizona),  i s :  

bA = 900 meaawatts 

2.2 x 10' c a l  s/sec 

A number o f  mechariisms operate t o  s i g n i f i c a n t l y  reduce t h e  water-borne 

power l e v e l ;  these may be a n a l y t i c a l l y  s t r u c t u r e d  as two accountable thermal 

l o s s  f a c t o r s :  

1. The captured f r a c t i o n  of i n p u t  photons, account ing f o r  

geometry, f o r  s c a t t e r i n g  and absorp t ion  i n  t he  b lanke t  

l aye rs ,  and f o r  absorp t ion  e f f i c i e n c y  i n t o  t h e  water.  (qp) 

2. Thermal losses through t h e  b lanke t  due t o  rad ia t ion , ,  

conduct ion, and convect ion.  (nl) Conduction 1  oss i n t o  

t he  ground can be made smal l .  

These phenomenological f ea tu res  a r e  dep ic ted  i n  t h e i r  schematic r e l a t i o n s h i p s ,  

i n  F ig .  7. E v i d e n t l y  t h e  n e t  c o l l e c t i o n  e f f i c i e n c y  w i l l  be: 

Photon F lux  Capture. Besides t h e  ast ronomical  geometry f a c t o r  

( e c l i p t i c  plane, e a r t h ' s  r o t a t i o n ) ,  severa l  k inds o f  mat te r  i n t e r a c t i o n s  can 

reduce the  energy c o n t r i b u t i o n  o f  t he  So la r  photon f l u x :  

Fresnel  r e f l e c t i o n  a t  ( t r anspa ren t )  d i e l e c t r i c  i n t e r f a c e s  

S e l e c t i v e  absorp t ion  i n  " t ransparent "  sheets and f i l m s  

Residual back-sca t te r ing  f rom the  absorber 

Not  a l l  o f  such events end up by " l o s i n g "  t he  heat .  For  instance,  abso rp t i on  

i n  t he  p last i ;  b l anke t  l aye rs  may reduce the  heat  l o s s  f rom t h e  water l a y e r  

underneath. Account i s  n o t  made here f o r  such compound e f f e c t s ;  each ga in  o r  

l o s s  process i s  accounted f o r  independent ly.  The poss ib le  e r r o r s  due to' 

o t h e r  design indeterminacies,  a re  much larger, a t  t h i s  p o l n t .  
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Geometry. I t  i s  t r a d i t i o n a l . t o  c a l c u l a t e  So la r  power problems a t  

High Noon i n  mid-summer i n  Ar izona.  Tha t  i s  'not an a p p r o p r i a t e  re fe rence .  

Even a t  t h e  Summer S o l s t i c e ,  t h e r e  i s  a  p e r c e p t i b l e  s l a n t  i nc i dence  ang le  

t h e r e  o f  about  10'; a t  t h e  Equinoxes, i t  i s  t h e  same as t h e  l a t i t u d e ,  o f  

course Q 33'; and a t  t h e  Winter  S o l s t i c e  w e ' r e  down t o  Q 56'. So t h e r e  i s  

t h i s  m u l t i p l i c a t i v e  cos ine  f a c t o r :  

Summer Sol s t i c e  Q 1  0' . . . x .985 

Equi noxes 'L. 33'. . . x .84 

Win te r  s o l  s t i c e  Q 56' . . . X 56 

The "Summer assumpl ion" obf x l  i s  t e c h n i c a l l y  j u s t i f i a b l e ,  but here I w i l l  be 

somewhat conse rva t i ve  by i n v o k i n g  a t  l e a s t  t h e  E q u i n o c t i a l  va lue :  C = .84 . 
The d a i l y  v a r i a t i o n  i s  summarily accounted f o r ,  i n  t h e  s e c u l a r  

f a c t o r ;  a  f a m i l i a r  " r ec tangu la r "  model assumes t h e  d a i l y  i n s o l a t i o n  as 

e q u i v a l e n t  t o  8  hours o f  mid-day sunshine: a = 1/3 

Note on Symbolism: As usua l ,  we have more cons tan ts ,  v a r i a b l e s  and 

parameters than  a v a i l a b l e  symbols. Sho r t  o f  r e s o r t i n g  t o  Cop t i c  s c r i p t ,  we 

must s imp l y  recogn ize  by useage, which meaning a p p l i e s  where: 

a stands f o r  t h e  Stefan-Boltzman cons tan t ;  a l so ,  above 

f o r  t h e  s e c u l a r  f a c t o r  

n  can be t he  i ndex  o f  r e f r a c t i o n ,  a  f l o w  res i s tance ,  o r  t h e  

number o f  cover  sheets  

r l  ( w i t h '  i n d e x )  s tands f o r  an " e f f i c i e n c y "  o f  some s o r t  

F resne l  r e f l e c t i o n  depends on t h e  r e f r a c t i v e  index.  I use a  va lue  

n = 1.5, which i s  r e p r e s e n t a t i v e  o f  p l a s t i c s  (1.45 t o  1.55); i t  i s  on t h e  l ow  

s i d e  f o r  g lasses (1.5 t o  1 .8) .  F ind :  

' I f  
= .96 f o r  each i n t e r f a c e  

For  water ,  n  = 1.32 and rlf = .98 

I f  t h e r e  a r e  n  cover- stlee'ts, then:  

Se lec t i ve -Abso rp t i on .  Most p l a s t i c s  e x h i b i t  s t r o n g  mo lecu la r  

abso rp t i ons  i n  t h e  I R ,  f o r  X > 2 microns. Very l i t t l e  o f  t h e  S o l a r  f l u x  

l i e s  above t h i s  ( i n  wavelength) .  W r i t e  vir = .93 



Absorber back-scat ter ing.  This  i s  e s s e n t i a l l y  a  measure o f  "blackness".  
. i * , s  

Re1 a t i v e l y  casual treatments, such. as sur face roughening, b lack  p a i n t s  , opaque 

dyes, do q u i t e  we1 1  : 1. 95% absorpt ion.  qs = .95 

For a1 1  photon processes taken together ,  ob ta in :  

whence: 

3 -565 . . . . the  f i d u  geometry 

Number o f  sheets. n  sheets de f i ne  n  b lanket  gas l aye rs  i n  t h i s  

ana lys is .  The bottom sheet as counted here. i s  i n  contac t  w i t h  the  water 

surface. The presence o f  water vapor i s  immater ia l  i n  t h i s  lowest space, 

because the  H20 molecules s imply d i sp lace  N2 and 02, and t o  f i r s t  order ,  they 

behave i n  a  the rma l l y  s i m i l a r  way i n  t h i s  temperature-pressure domain. There 

may be ser ious  mechanical problems w i t h  a  "contac t "  ( o r  f l o a t i n g )  con f i gu ra t i on ;  

i f  such a  membrane e x i s t s ,  i t  should n o t  'be inc luded as d e f i n i n g  a  thermal 

b a r r i e r .  

Net Pond F i e l d  Input .  1  km2 w i t h  n  = 3 (3  sheets) :  

Pth = 500 megawatts wi.th {th = .05 w/cm2 



Thermal leakage. There i s . n e x t ,  a  compe t i t i on  f o r  the' hea t  depos i ted  

i n  t h e  water :  That  removed by t h e  pond f l o w  and t h a t  l o s t  b y  thermal  leakage - 
m a i n l y  upward through t h e  b l a n k e t  (mat t ress,  p i l l o w ,  - - -).  The problem i s  , 

i d e n t i c a l  t o  th 'at  for t h e  Greenhouse, b u t  a t  a  l owe r  temperature.  We w i l l  see . 

t h a t  r a d i a t i o n  l o s s  and convec t ion  l o s s  a r e  . o f  t h e  same order .  A l l  t h r e e  l o s s  

f a c t o r s  a r e  l e s s  s e n s i t i v e  t o  geometr ic  d e t a i l s ,  and i t  i s  wo r th  v e r i f y i n g  

t h e  ground l o s s .  

We know, f rom t h e  Greenhouse exe rc i se ,  t h a t  a  l aye red  b l a n k e t  w i l l  
- .  

have sheet  separa t ions  o f  a  few cen t imete rs .  One expects  severa l  k i nds  o f  

o p t i m i z a t i o n s :  Conduct ion vs. convec t ion  ( t o  f i x  t h e  sepa ra t i on  h) ;  Fresnel  

l o s s  vs. thermal leakage l o s s  ( t o  f i x  t h e  number o f  sheets  n ) .  The f i d u  

cho ice  o f  n  = 3  w i t h  h  = 5  cm, i s  based on t h e  a n a l y s i s  and curves o f  t h e  

Greenhouse ana lys is .  ( 2 )  The t rea tments  o f  convec t ion( "  ) and o f  r a d i a t i o n  (1 2) 

a r e  a l s o  e l abo ra ted  there .  . . 

Conduct ion. Th.is i s  s t r a i gh t f o rw 'a rd :  

- AT - 2.7 x ca1/cm2 sec o r  4c - ka - 
% .0012 watt/cm2 

f o r  t h e  3 - layer  b l a n k e t  j u s t  de f ined .  (H  = nh = 15 cm, k =6.8 x cgs) a  
Convect ion. I mod i f y  t h e  K&B f o r m u l a t i o n  t o  e x t r a c t  t h e  c o n t r i b u t i o n  

a t t r i b u t a b l e  to, convec t ion :  

and 

2 .  SDK 73-10, i b i d  

11. Ku ta te ladze  and B o r i s h a n s k i i ,  A  Concise Encyclopedia,  e t c .  (Chap. 10) . 

12. Eastop and McCnnkey, App l i ed  Thermodynami'cs, e t c .  (Chap. 17)  
\ 



Fol low ing  t h e i r  p r e s c r i p t i o n  o f  dimensional ana l ys i s ,  I w r i t e  

t he  PrGr t e s t  as: 

Z = 3  PrGr = 3(PG)(h3aT) 

where (PG) i s  a  un i ve rsa l  parameter, as i l l u s t r a t e d  i n  F ig .  8. (Here I take 

refuge i n  K&B u n i t s ,  i n  which h  i s  i n  meters.)  For  t he  de f i ned  b lanket ,  t he  

average temperature i n t e r v a l  i s  AT = 20°C, and t h e  t e s t  f u n c t i o n  has t h e  

value Z = 3  x  l o 5 .  Th i s  i s  i n  t he  midd le  o f  t h e i r  case ( a )  - as i t  was f o r  

the  Greenhouse - so t h a t  t he  same convec t ion  c o e f f i c i e n t  f u n c t i o n  app l i es :  

F ind  a t  once: E-1 = 3.6 

And : qd = -0043 watt/cm2 4 u  = 4, + 4d = .0055 watt/cm2 

Rad ia t ion :  The app l i cab le  in terchange f a c t o r  f o rmu la t i ons  are  

taken from SDK 73-10. 

The "wors t  case" c a l  c u l  a t i o n  y i e l d s  : 

The " i n d i f f e r e n t  case" express ion i s :  
7 

where f i s  t he  in terchange f a c t o r .  For  a  "mediocre" black-body sheet:  

f - .4; a l s o  here n  = 3. 

- Find:  r = .0085 watt/cm2 tV - {r +.{t = .0095 watt/cm2 (N.B.)  

Ground Loss. Some thermal care must be taken w i t h  t he  base m a t e r i a l  - 
under t he  Ponds, o r  e l s e ' i t  w i l l  a c t  as a  " thermal pump": It w i l l  cool  down 

a t  n i g h t  j u s t  enough t o  a c t  as a  heat  sump f o r  t h e  day 's  heat.  To see t h i s ,  

cons ider  t h e  case o f  a  compacted, asphal t - b i n d e r  e a r t h  base; f o r  i t, k  = .006, 
9 

and f i n d :  

'I, 

qg 
fb .012 cal/cm2 sec o r  .05 watt/cm2 ( ! )  

We c a n ' t  even g e t  s t a r t e d  w i t h  t h i s , o n e .  

Suppose i ns tead  t h a t  t he  base cons i s t s  o f  a  prepared m a t e r i a l ,  

such as pumice bonded w i t h  diatomaceous c lay ,  about .6  i n .  t h i c k .  For t h i s ,  

k  = .00015 and: 
9  

9 
2 5 x 10-4 cal/crnf see o r  

I 

Me can l i . ve  w i t h  t h a t .  



T o t a l  Leakage. I n  sum: 

4, = .0012 

it = .017 watts/cm2 o r  % .0040 cal/cm2 sec 

Correspondingly n,, = .19 
-.-- 

The r a d i a t i o n  c o n t r i b u t i o n  i s  based on a "mediocre b lack  body" 

model, and i t  i s  u n c e r t a i n  by perhaps a f a c t o r  o f  2  t h a t  ;lt spans a 

p r e d i c t i o n  range o f  % -015 t o  % .020. A r e l a t e d  design u n c e r t a i n t y  concerns 

t h e  d i r e c t  i .r. leakage through the  p l a s t i c  sheets o r  f i l m s .  For  an 

a i r -suppor ted  f i l m  "mat t ress" ,  t h e r e ' s  o n l y  % 10-12 m i l s  between ho t  water 

and the  ambient atmosphere. For c e r t a i n  p l a s t i c s  such as Tedlar ,  t h i s  

t ransparency may be as h igh  as 20%. I n  t h e  p re fab  box design o f  F ig .  6, 

t h l c k e r ,  s e m i - r i g i d  Te fze l  sheets would be used, amounting t o  % 40 m i l s .  

The es t imated  i . r .  t ransparency i s  % I%, and t h i s  i s  a l lowed f o r  i n  ;It above. 

These numbers a l s o  p o i n t  t o  t h e ' d i f f i c u l t  compromise represented 

by t h e  choice n = 3, as discussed i n  Reference 7. For n = 2, t he  thermal 

leakage ge ts  o u t  o f  hand; f o r  n  = 4, t he  t ransmiss ion  losses over-compensate 

the  reduced 1 ea kage. 
6 ' 

Pond r i c l d  Thcrmal Output.  Wc thcn  have: 

Pt = 170 megawatts 

and what 's  l e f t  t o  heat  t he  water - and t o  be cont inuous ly  e x t r a c t e d  w h i l e  

t he  Sun shines - i s :  

4 = 330 megawatts and qc = '1. - nt = .37 
- .  P -- 



T h a t ' s  a  d i s c o n c e r t i n g l y  smal l  p a r t  o f  t h e  S o l a r  f l u x  number i t s e l f :  

.\, 36% thermal e f f i c i e n c y  - and we s t i l l  have t o  impose t he  thermodynamic 

. , 
p e n a l t i e s .  It does suggest t h a t  t h e r e  i s  room here f o r  ingeniousness i n  

making t h e  Pond f i e l d  area more e f f e c t i v e .  Obvious ly  a l so ,  b o t h  t h e  photon 

cap tu re  and leakage c o n t r i b u t i o n s  deserve ex tens i ve  parameter s t u d i e s  t o  

b e t t e r  e s t a b l i s h  t h e  optimum des ign  va lues.  

And, r e c a l l  i n g  t h e  mid -w in te r  cos ine  inc idence  f a c t o r  (x .  56) ,  

t h e  o p e r a t i o n  becomes a lmost  marg ina l ,  even a t  Noon, a t  t h e  w i n t e r  S o l s t i c e :  
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Thermal Transfer. The other part  of the Pond Field analysis i s  concerned 

with thermal power t ransfer  into the thermal storage reservoir. In essence, 

' th i s  i s  constrained by the necessity of '  transferring the energy as f a s t  as 

i t  i s  captured, in order to  avoid boiling and "burn-out". 

Pond Heating Rate. For purposes of general orientation, I e a r l i e r  

assumed a water heating ra te  based on complete absorption - tha t  i s  - a l l  

.07 watt/cm"oing into 1 cc. The residual thermal output just  calculated, 
. - corresponds to  a much lower thermal deposition ra te  % .035 watt/cm2. 

Correspondingly the specif ic  temperature ra te  wi 11 be: .008"C per sec 

for  a shallow layer 1 cm thick a t  Q 95°C. 

Assuming a thermal exchange ( in  storage) which cools the water 

by 3°C in one passage, then the re-heating time. i s :  

% 360 sec or about 6 min. 

The water enters the pond f i e ld  from the reservoir a t  % 92°C and returns a t  , 

95°C. 'Nothing i s  gained by holding i t  out there much longer; some h o t  spots 

would s t a r t  boiling. 

The i n i t i a l  heating r a t e  ( s ta r t ing  a t  ambient) would be somewhat 

higher, with a specif ic  temperature ra te  of: 

'L .Ol°C per sec ( a t  25°C) 

Assuming a l inear  interpolation, the heating time for  o.ne f i l l i n g  from a cold 
s t a r t ,  i s  then: 

T = = 8000 sec 

7 m 
(This does not allow fo r  buffer storage or reservoir pre-heating. ) 

... I t  does show tha t  one should r e f i l l  the pond f i e ld  with hot water stored 

from the previous day, or e l se  too much Sunlight i s  l o s t  jus t  gett ing s tar ted.  

(The heating function i s  discussed fur ther  in Appendix B. ( 1 3 )  ) 

13. Memorandurn: Shal low Pond Test Faci 1 i t y ;  LOC 73-9 revised. 



Flow Rate. So we a r e  n e x t  l e d  t o  t h e . q u e s t i o n  o f  how f a s t  t h e  

wate r  should move. For  a  "squar ish"  km2, t h e  maximum pond l e n g t h  would be 

% 1000 meters ,  l e a d i n g  t o  a  f l o w  v e l o c i t y  Q 2  m/sec (Q 6  f t / s e c ) ,  which i s  

q u i t e  reasonable.  The f i d u  c o n f i g u r a t i o n  uses pond " s t r i p s "  200 m l o n g  

( 6 0 0 ' f t ) ,  f o r  which t h e  f l o w  v e l o c i t y  would be much l e s s :  

v  % .5!j m/sec (% 1.7 f t / s e c )  

These values a re  w e l l  c l e a r  o f  t u rbu lence  v e l o c i t i e s  ( z  10 m/sec), above which 

t h e  wate r  shee t  would tend  t o  break up and tumble over  i t s e l f .  

Pond Slope. One way t o  g e t  un i f o rm  f l o w  i n  a  pond may be t o  
. 8 

t i l t  t h e  pond s l i g h t l y .  Marks g i ves  a  semi-empir ica l  express ion  (Eng l i sh  

U n i t s )  f o r  channel s lope :  

n 2  v2  s = -  
2.2 v ( f t  p e r  1000 f t )  

where t h i s  n  i s  a  c o e f f i c i e n t  o f  roughness. Comparing w i t h  t h e  t a b u l a t e d  

va lues,  I ass ign  n  ' =  .001 as a  p robab le  s i t u a t i o n .  (E.g. : Smooth p l a s t i c  

sheet  on graded and t r e a t e d  pumice sub-base.) I a l s o  con t i nue  w i t h  

d  - 1  cm o r  1/30 ft. 

For  t h e  l ' k m  case, f i n d  S  = .35 f t  p e r  1000 ft. Th i s  pond f i e l d  

would need a  d rop  o f  about 1  ft t o  a t t a i n  t h e  d e s i r e d  f l o w  r a t e .  

For  t h e  200 meter  case, we f i n d :  S = .020 f t p e r  1000 f t  o r  a  

s e c t i o n  drop o f  mere ly  5  m i l  1  ime te rs  ! 

That  i s  a  d i f f i c u l t  g r a d i e n t  t o  ach ieve s imp l y  by e a r t h  g rad ing  

methods. Perhaps t h e  s imp les t  scheme i s  t o  grade t h e  ponds l e v e l ,  and t o  

e s t a b l i s h  a  f l o w  g r a d i e n t  by means o f  a d j u s t a b l e  meter ing  w e i r  edges, a t  

each pond box j o i n t  ( o r  r i f f l e ) .  The i n p u t  f l o w  i s  then c o n t r o l l e d  by  an 

i n l e t  w e i r ,  a t  t h e  s l i g h t l y  e l eva ted  supp ly  f lume - e.g., F i g .  9. 



Volume/Mass Flow. The t o t a l  f i e l d  water content  i s  about l o 7  kgs 

o r ' 1 0 4  m e t r i c  tons ( f o r  1  cm depth).  This  i s  t o  be replaced every 6  minutes 

. l ead ing  to :  

I n  "o ld "  u n i t s ,  t h i s  i s  a  f l o w  o f  l o 3  cu f t / s e c  

% 8000 gal lons/sec 

2, 30 tons/sec 

Pumping Power. The requ i red  Pond f l o w  head ,was seen t o  be t r i v i a l  

(a few m i  11 imeters )  . The c e n t r a l  aspect o f  "pumping power" then r e l a t e s  t o  

the  power needed t o  overcome f l o w  res i s tance  i n  the  water d i s t r i b u t i o n  

network - pipes, flumes, e t c .  It i s  common p r a c t i c e  t o  reference t h i s  i n  

terms o f  equ iva len t  pressure heads needed t o  sus ta in  a  des i red  ' f l o w  volume. 

The f i d u  scheme c o n f i g u r a t i o n  i s  shown as a  g r a v i t y  f l o w  scheme as w e l l :  

The s i x  c i r c u l a t i o n  pumps are  r e a l l y  l i f t  pumps which r a i s e  the  water taken 

from the  storage t rough about two f e e t ;  the  wa'ter then f lows o u t  the  flumes, 

down the  ponds and back t o  the  r e s e r v o i r  e n t i r e l y  by g r a v i t y .  

For t he  i n d i c a t e d  water f l ow ,  and 85% pump e f f i c i e n c y ,  t he  power 

requ i red  per  f o o t  o f  head i s :  

P/h = 115 k i l o w a t t s  pe r  f o o t  

Obviously we can on l y  a f fo rd  a  very few f e e t  o f  equ iva len t  head: As I j u s t  

, i n d i c a t e d  f o r  the  f i d u  system - o n l y  two fee t  and Q '  .23 Megawatts o f  pumping 

power. 

, I 
Note a l s o  t h a t  even t h i s  head i s  no more than about 1  p s i  pressure 

l o s s  i n  the  "plumbing" - n o t  much when one considers t h a t  convent ional  u t i l i t y  

systems operate i n  the  60-80 p s i  domain. These numbers a l s o  speak f o r  the 

severe pena l t i es  one would l i k e l y  encounter i f  l a r g e  water volumes were t o  be  

moved very f a r  - h o r i z o n t a l l y  o r  v e r t i c a l l y .  

There are  many such smal l  , accessory, and pe r iphe ra l  , " 1  / 4  Megawatt" 

power consuming funct ions i n  a power p lan t .  I n  convent ional  systems, they a r e  

easy t o  a f f o r d ,  b u t  i n  a  l o w - e f f i c i e n c y  So lar  p l a n t ,  they add up t o  an uncomfortable 

sub t rac t i on .  Each represents a  p o t e n t i a l  dilemma i n  respect  t o  t rade -o f f s  

between d i f f e r e n t  c a p i t a l  cos t  i tems. 



Equ i va len t  s e c t i o n a l  area. Throughout t h e  development so f a r ,  . 

t h e r e  has been a t a c i t  i m p l i c a t i o n  o f  a  "squar ish"  Pond f i e l d  o f  area 1 km2. 

(A geometry n o t  more t h a n  2':1 r ec tangu la r ,  say. ) The f i d u  scheme uses 

a pond l e n g t h  o f  about 200 m; e v i d e n t l y ,  i f  such s t r i p s  were l a i d  s ide-by-s ide ,  

they  would occupy a t o t a l  w i d t h  w = 5000 m and we have assumed a wate r  depth 

o f  % .O1 m. Consequent ly t h e  e q u i v a l e n t  f l o w  s e c t i o n  across these ponds, i s :  

C = 50 sq. met. 

Th i s  i s  a  s e l f - c o n s i s t e n t  number w i t h  t h e  f l o w  v e l o c i t y  c a l c u l a t e d  e a r l i e r .  

Flumes and Weirs. These c r i t e r i a  f o r  wa te r - f l ow  systems p o r t r a y  

a s i t u a t i o n  very  s l m i l a r  t o  those encountered i n  economica l l y  conveying 

l a r g e  q u a n t i t i e s  o f  water  f o r  sur face m in ing  ope ra t i ons  and f o r  f l a t - l a n d  - . 

a g r i c u l t u r a l  purposes. Both t heo ry  and p r a c t i c e  show t h a t  conveyor geometr ies 

should have  t h e  l e a s t  we t ted  pe r ime te r  and smoothest su r faces .  To t h i s  end, 

smooth open f lumes w i t h  a  p l a s t i c  1  i n i n g  should r e q u i r e  t h e  l e a s t  head f o r  

a  g ive? f l o w .  

Again I t ake  recourse  t o  Marks '  semi -empi r i ca l ,  f l o w  equat ion;  somewhat 

d i f f e r e n t l y  presented:  - 

where m = cross-section area = ("hydraul i c  mean d imensionN) 
wet ted pe r ime te r  

F i s  t h e  l e n g t h  o f  a  f lume 

h i s  i t s  g r a d i e n t  h e i g h t  

< < 
For " p r a c t i c a l "  f lume geometr ies:  5d % m % .7d i n  which d i s  the  a c t u a l  

wa te r  depth.  

To avo id  g e t t i n g  l o s t  i n  d e t a i l s ,  I adopt t he  obv ious average va lue:  

m = ..6d and o b t a i n :  
2 

11 "f 
h rnT  F ( a l l  E n g l i s h  u n i t s )  

Here i t  i s  reasonable t o  take  n = .009. 

Wd = .6d Note a l s o  t h a t :  m = + 2d 

whence f i n d  t h e  approximate f lume w id th :  



The i r r a t i o n a l  power imp1 i e s  t h a t  we now. have a  c losed non-degenerative 

d e s c r i p t i o n  (as i t  d i d  i n  t he  Greenhouse' ana lys i s ) .  We g e t  a' unique s o l u t i o n  i n  

t h i s  way: 

g = .6N d2 vf 

i n  which N counts the  number o f  " p a r a l l e l  paths".  

Whence - 0 
V f  - - 3 - N - T  

so t h a t  we get  t he  t r a d e - o f f  expression: 

\I h d ' d 3  = 2 .5  n 2  (A) F ( s t i l l  e.u.) 

There are  a l l  determinate terms. Note the st rong dependence on 

the  dimension va r iab le ;  bear i n  mind t h a t  here t h i s  term carr i .es both depth 

and w id th  connota t ion  - r e c a l l  m  = .6d. (For a  p ipe,  t he  f u n c t i o n  i s  s i m i l a r :  

h  cx d'=.) Ev iden t l y  we ' re  going t o  have t o  say something more d e t a i l e d  about 

the  P o n d . f i e l d  l ayou t .  J u s t  t o  save t ime, l e t  me i n d i c a t e  t h a t  a  few " t r i a l  

models" were ca l cu la ted .  These showed t h a t  a  low-loss f lume network would 

have a  volume approaching t h a t  needed f o r  "one-day" storage. The merger o f  

s torage and d i s t r i b u t i o n  was thus a  l o g i c a l  design fea tu re ,  f u r t h e r  r e i n f o r c e d  
* 

by the e a r l i e r  c o n s t r a i n t s  of p r o x i m i t y  and "zero  a l t i t u d e " .  

Re fe r r i ng  again t o  the f i d u  scheme, the  feeder flumes add some 

numerical  perspect fve t o  the  problem. Consider t h e  s i t u a t i o n  "half-way ou t " :  

F ind:  

1 1  ' = x - x  103 = 83 f t 3 / s e c  W . 6 

F  = ,800 f t  

1  h = 2 f t  

d  5 4.3 ft, ' W  Q 13 'ft 



This i s  a f lume about 5 ft high, 12 ft wide. (About 60 f t 2 )  As a cross-check 

the  pumping power would be about: 

~ x K X - -  - .22 Megawatt .7 

The flume v e l o c i t y  would be: 

vf = 7.5 f t / s e c  (2.4 m/sec) 

Th is  example serves '  t o  show t h a t  t he re  i s  a p h y s i c a l l y  reasonable d i s t r i b u t i o n  

scheme corresponding t o  a water pumping power assignment o f  t he  order  o f  1/4 Mw 

But we have t o  c a r r y  t h i s  number forward as a d e b i t  t o  th.e f i n a l  busbar f i g u r e ,  

because the  thermal power content  o f  t he  water. (330 Mw) remains t o  be converted 

i n t o  mechanical work and e l e c t r i c i t y .  Note t h a t  there  i s  an i m p l i c a t i o n  here, 

o f  a thermal man ipu la t ion  power c o n s t r a i n t  o f  the  order  o f  .l% ! 

Module Segmenting. 1 km2 i s  almost c e r t a i n l y  t oo  l a r g e  an area t o  

cover w i t h  a s i n g l e  unsegmented Pond, f o r  many reasons: 

Flow v e l o c i t y  and s lope 

S l o p e s t a b i l i t y  ' 

input water d i s t r i b u t i o n  

Local area maintenance 

For modular design reasons, the  convenient Pond l e n g t h  i s  600 f t  

( o r  2, 180 m) ; t h a t  leaves the  Pond w id th  t o  be determined. An i n f l u e n c e  on 

t h i s  i s  t he  "end connect ion"  problem. One senses t h a t  t he  i n d i v i d u a l  w e i r  

w i d t h  should be q u i t e  smal l  as compared t o  pond length ,  i n  o rder  t o  achieve 

un i fo rm f l o w  more e a s i l y .  That suggests a Pond w id th  i n  the  range 10 t o  20 

meters. Another i n f l u e n c e  i s  t he  s i z e  l i m i t a t i o n  o f  p r a c t i c a l  p l a s t i c  

m a t e r i a l s .  A t  t h i s  stage o f  design, i t  seems advantageous t o  f u r t h e r  p a r t i t i o n  

the  Ponds i n t o  12 ft s t r i p s  - being the  w id th  o f  commercial p l a s t i c  sheet. 

The 1 km2 f i d u  system i s  thus made up o f  about 1540 such s t r i p s ,  as suggested 

by F ig .  4. Using the  pre fab  p l a s t i c  box concept o f  F ig .  6, each s t r i p  cons i s t s  

o f  a se r i es  o f  10 such boxes, w i t h  meter ing edges a t  each b u t t  j o i n t .  



The Storage Element 

As noted i n  t he  i n t r o d u c t o r y  d iscussion,  the  choice o f  a  h o t  

water r e s e r v o i r  as an energy storage b u f f e r  between the  d a i l y  So la r  i n p u t  

peak and the  d a i l y  power demand cyc le ,  was a  na tu ra l  one. The f i d u c i a l  

scheme i s  thus conf igured t o  "please everybody", by being ab le  t o  d e l i v e r  

f u l l  o u t p u t , a t  any t ime du r ing  a  24-hour per iod.  Each day,,some o f  the  ho t  

water i s  pumped through the  pond f i e l d ;  t he  reheated water i s  re tu rned t o  the  

r e s e r v o i r ,  where i t  mixes by convect ion. Each day a lso ,  some o f  t h e ' h o t  water 

i s  pumped through the  thermodynamic evaporator (heat exchanger); t he  cooled 

water i s  l i k e w i s e  re turned t o  the  r e s e r v o i r ,  f o r  mix ing  by convect io?. 
1 

I n  s teady-state operat ion,  the  mean d a i l y  withdrawal power l e v e l  i s  a b o u t '  

1 /3  o f  the  secu lar  i n p u t  power l e v e l .  

How b i g  should the  r e s e r v o i r  be ? I t  ac ts  i n  a  r o l e  somewhat 

analogous t o  t h a t  o f  a  l a r g e  condenser i n  a  r e a c t i v e  c i r c u i t :  The degree 

o f  temperature " r i p p l e "  i s  comparable t o  the  degree o f  vo l tage r i p p l e ,  

which i s  measured rough ly  by the  r a t i o  o f  charge removed t o  s to red charge. 

The thermal- e q u i v a l e n t ,  i s  thus: 

Another f a c t o r  e n t e r i n g  i n t o  s torage dimensions, concerns j u s t  

what fo,rm o f  "Sun-less" p r o t e c t i o n  one desi res.  The sma l l es t  requfrement 

i s  t h a t  r e l a t e d  t o  bad weather - a c loudy pe r iod  l a s t i n g  3 t o  10 days. 

Much the  l a r g e s t  would be t h a t  addressed t o  b r i d g i n g  the  very  low use fu l  

So lar  i n p u t  i n  mid-Winter,  perhaps amounting t o  3 months wor th  o f  thermal 

energy. A s t rong  d e t e r r e n t  t o  such h i g h l y  r e a c t i v e  schemes, l i e s  i'n the 

extremely l ong  t ime requ i red  t o  "charge up". 
4 



Ripp le .  There a r e  va r i ous  p r e j u d i c e s  (as w e l l  as t e c h n i c a l  c r i t e r i a )  

concern ing t h e  p e r m i s s i b l e  thermal r i p p l e  assoc ia ted  w i t h  t h e  charge-discharge 

cyc les .  For  smal l  r i p p l e s ,  no te  t h a t  t h e  r i p p l e  express ion  a l s o  d e f i n e s  t he  

change i n  TD e f f i c i e n c y ,  t o  f i r s t  o rde r :  

(where h  i s  t h e  e n t h a l p i c  f a c t o r )  

One can show t h a t  t h e  i n d i r e c t  economic c o n s t r a i n t s  on thermodynamic 

e f f i c i e n c y ( ' )  - and hence on temperature l e n i e n c i e s  - a r e  q u i t e  severe - so much 

so, t h a t  one can " th row the  p r i c e  book away" i n  ach iev ing  t h e  h i ghes t  p o s s i b l e  TD 

e f f i c i e n c y .  Corresponding ly ,  t h e  ph i losophy  adopted here, i s  t h a t  t he  p e r m i s s i b l e  

thermal s to rage  r i p p l e  ought t o  be no g r e a t e r  than  t he  temperature l o s s  a l lowed 

i n  s i z i n g  t h e  TD heat  exchangers: About 3OC. I n  a  t y p i c a l  case, even t h a t  

t r a n s l a t e s  i n t o  an e f f i c i e n c y  l o s s  o f  ?. 7% a t  t h e  bottom o f  a  r i p p l e .  Th i s  

c r i t e r i o n  a l s o  a u t o m a t i c a l l y  causes most o f  t h e  wate r  i n  t h e  r e s e r v o i r  t o  

pass through bo th  t he  c o l l e c t o r  and t h e  evapora to r  no more ( o r  l e s s )  ' t h a n  once 

each day. 

I n p u t  vs. Output  - The Secu la r  Fac to r .  A long- term s t e a d y - i t a t e  

o p e r a t i o n  r e q u i r e s  t h a t  t h e  long- term average i n p u t  and o u t p u t  th rough  t h e  

r e s e r v o i r  be t he  same. To f i r s t  o r d e r  t h i s  invokes (by s e l f - e v i d e n t  d e r i v a t i o n ) :  

and : 1 .  0 = ' -  Q = 110 Megawatts t d  3  t h  -- 

T h i s  i s  t h e  24-hour mean thermal power access ib l e  t o  t h e  f i d u  thermodynamic 

sub-system f rom t h e  r e s e r v o i r .  A lso  no te  t h e  d a i l y  thermal energy va lue :  

Q = 6.6 x  106 Megajoules o r  2 . 3 ~  l o 1 *  C a l o r i e s  

9.0 x  10' BTU 

1  km' o f  Sunshine i s  e q u i v a l e n t  t o  1000 b a r r e l s  o f  o i l  p e r  day. 

9. i b i d .  



Rese rvo i r  S ize.  The r e q u i r e d  minimum thermal s to rage  mass f o l  lows 

a t  once: 

F i nd  : M = ?-A= 5.2 x 10" grams o r  5.2 x l o 5  cu. met. 3 C 6T 
P  - 

A1 so 18 x 106 cu. f t  o r  .L 430 ac re - f ee t  

The syphon c o n s t r a i n t  i m p l i e s  a  r e s e r v o i r  depth o f  .L 30 ft; 

t h i s  means a  r e s e r v o i r  area o f  .L 14 acres, o r  .L .05 km2: 

Rese rvo i r  Area 1 -- ---.-- - 
C o l l e c t o r  Area 

"Charging Time": Note t h e  t o t a l  thermal con ten t :  

Qr = MC (T1 - T 2 )  = 3.5 x 1013 c a l o r i e s  
P  

Th i s  i s  about 15 t imes t h e  d a i l y  thermal "draw-down" - b u t  i s  - n o t  "15 days 

wor th " .  I f  we l i n e a r i z e  t h e  c o l l e c t o r  thermal  y i e l d ,  t ake  a  s imp le  average 

va lue  (420 Megawatts), and p u t  i t  a l l  i n t o  hea t i ng  up t h i s  r e s e r v o i r ,  t h a t  

w i l l  take :  

T~ = 1 2  days 

(Of course t h e  approach i s  asymptot ic ,  b u t  t h i s  i s  about when i t  should become 

wo r thwh i l e  t o  opera te  t h e  TD l oop . )  

Corresponding ly  a  3-month r e s e r v o i r  would r e q u i r e  3 years  t o  

"charge up" ! 



A Reservo i r  Concept. I have i n d i c a t e d  t h e  severe p e n a l t y  o f fered 

by d i s t r i b u t i o n  schemes i n v o l v i n g  l ong  f lumes o r  condu i t s  and co r respond ing l y  

l a r g e  pumping heads. I t  i s  r e a l l y  impo r tan t  t o  keep t h e  ent ' i re c o n f i g u r a t i o n  

compact. Consequently we should seek geometr ies which avo id  p u t t i n g  t h e  thermal 

r e s e r v o i  r ( s )  f a r  f r om t h e  ponds. An i n t e r e s t i n g  concept merges t h e  d i s t r i  b u t i o n  

and r e s e r v o i r  requi rements,  by combining a  good p a r t  o f  t h e  f lunies i n t o  the  

r e s e r v o i r ,  as shown i n  t h e  f i d u  d e p i c t i o n ,  F i g .  4. The area s a c r i f i c e  (Q 4% - 
per  area r a t i o  d e f i n e d  e a r l i e r )  i s  c e r t a i n l y  acceptable.  Besides, t h e  TI f l ume 

now becomes a  t r o u g h . s o  l a r g e  t h a t  we can exchange h o t  water  f o r  t h e  TD power 

sub-system a t  e i t h e r  end w i t h  no p e r c e p t i b l e  f l o w  pena l t y .  T h i s  r e s e r v o i r  

t r ough  i s  1000 m. long,  40 m. wide, 12 m. deep. Each o f  t h e  6 l o c a l  supply  

f lumes i s  s u p p l i e d  f r om t h e  c e n t r a l  r ese rvo i r - f l ume  by a  separa te  l i f t  pump. 

Subsequent ly,  each pond p a t h  operates e n t i r e l y  by g r a v i t y ,  back' t o  t h e  

c e n t r a l  r e s e r v o i r  t h r u  s i m i l a r  r e t u r n  f lumes. (Note a l s o  F i g .  5 )  

There a r e  severa l  obvious, ,more e l egan t  v a r i a t i o n s  on t h i s  

geometr ic  theme ( i n c l u d i n g  a  " f i n e r  g r a n u l a t i o n " ) ,  b u t  1 ' 11  s t a y  w i t h  t h i s  

i n i t i a l  p r i m i t i v e  scheme f o r  t h e  f i d u  exe rc i se .  The f i g u r e  a l s o  i 'ndtcates a  

s i m i l a r  k i n d  o f  d i s p o s i t i o n  f o r  t h e  T2  s i d e  o f  t h e  thermodynamic system, and 

1 ' 1 1  g e t  t o  t h a t  l a t e r .  

Some I n c i d e n t a l  Features. One o f  t h e  p r i n c i p a l  reasons f o r  sepa ra t i ng  

t h e  c o l l e c t i o n  and s to rage  f u n c t i o n s  was t h e  s i g n i f i c a n t  r e d u c t i o n  of  "dark-t ime" 

thermal  losses .  The c e n t r a l  r e s e r v o i r  w i l l  need a t  l e a s t  a  modest thermal-vapor 

cover ,  t o  suppress bo th  r a d i a t i v e / c o n v e c t i v e  l o s s  and l a t e n t - h e a t  evapo r ta i on  

l o s s .  

Another des ign d e t a i l  w i l l  concern t h e  p roper  "m ix ing"  o f  i n p u t  and 

o u t p u t  f l ows  i n  t h e  exchange w i t h  t h e  ponds and t h e  TD loop.  Obv ious ly  one 

does n o t  p u t  these o r i f i c e s  s ide-by-s ide  i n  t h e  c e n t r a l  r e s e r v o i r .  The f i d u  

arrangement i s  designed t o  promote convec t i ve  c i r c u l a t i o n  l o c a l l y  a t  t h e  pond 

t a k e - o f f s ,  and t o  induce leng thw ise  f l o w  by r e t u r n i n g  t h e  evapora to r  f l o w  t o  

t he  f a r  end. 



Thermodynamic Sub-system Ana l ys i s  

I have a l r eady  i n d i c a t e d  t h e  f i d u c i a l  cho i ce  o f  c l osed  Rankine 

c y c l e  thermodynamic machine, us i ng  a  Freon as t h e  TD work ing f l u i d .  There 

appear t o  be no s u b s t a n t i a l  "unknowns" i n  des ign ing  and f a b r i c a t i n g  such 

a  TD system. ( l o )  But  t h e  s i t u a t i o n  i s  n o t  l i k e  i t  i s  f o r  conven t iona l  

steam machines, where a  s e l e c t i o n  o f  proven " o f f - t h e - s h e l f "  designs - and 

even o f  s t ock  machinery - i s  a v a i l a b l e .  S tud ies  addressed t o  c o n f i g u r a t i o n a l  

o p t i m i z a t i o n ,  m a t e r i a l s  s p e c i f i c a t i o n ,  o p e r a t i n g  cond i t i ons ,  e tc . ,  must 

be c a r r i e d  th rough f o r  a  par t i , cu la r  customer requi rements.  The Rankine 

cho ice  appears t o  be t h e  most conse rva t i ve  one i n  terms o f  demonstrated 

examples, immediate f e a s i b i l i t y ,  and s h o r t e s t  l i s t  o f  l i k e l y  problems. 

Forma l l y ,  a  c l osed  Rankine system a n a l y s i s  i s  a  r o u t i n e  exe rc i se ,  

as i s  suggested by t h e  "thermodynamic account" schematic,  F i g .  l 0 ; ' b u t  

t h e  temperature domain, thermal  c i rcumstances, and work ing  media here 

p rov ide  some a n a l y t i c  en te r t a i nmen t .  

The TD F l u i d  Choice. The.thermodynamic p r o p e r t i e s  o f  a  number 

o f  cand ida te  f l u i d s  ( " r e f r i g e r a n t s " )  were examined w i t h  p r i m a r i l y  a  machine 

e f f i c i e n c y  c r i t e r i o n  i n  mind. The Rankine c y c l e  i s  bounded on t he  T-S and P-h 

diagrams by e s s e n t i a l l y  cons tan t ,  pre-determined, temperature 1 ines .  (% 200°F 

t o p  and 80°F bottom. ) ( F i g .  11)  E v i d e n t l y  i n  making t h i s  choice,  one wants 

t o  s t a y  w e l l  c l e a r  (be low)  t h e  c r i t i c a l  p o i n t  and "top-of-the-dome". 

More-or- less by t r i a l - a n d  e r r o r ,  one f i n d s  t h a t  t h e  most advantageous vapor 

dome i s  one f o r  which t h e  sa tu ra ted  vapor l i n e  i n f l e c t s  near  t h e  thermal  

supply  temperature ( T 3 ) .  That  f u r n i s h e s  t h e  mos't l e n i e n c y  f o r  t u r b i n e  

expansion, commensurate w i t h  t he  l e a s t  i n p u t  power. For  t he  e l i g i b l e  f l u i d s ,  

t h e  corresponding sa tu ra ted  l i q u i d  l i n e  (on t h e  oppos i t e  s i d e )  i s  a l s o  f a i r l y  

s t r a i g h t .  - 1.e. : The l i q u i d  phase i s  c h a r a c t e r i z e d  by i t s  s p e c i f i c  heat .  

As an i n t e r e s t i n g  comment on t h e  u n i v e r s a l  n.ature o f  chemical  (a tomic )  

bonding, those vapor domes can be l a i d  p r a c t i c a l l y  on t o p  o f  one ano ther  

w i t h  smal l  s c a t t e r ,  when 1  i n e a r l  y re fe renced  t o  a p p r o p r i a t e  coo rd ina te  sca les.  

There i s  no " g r e a t  magic" t o  be found here. Heavier  mo lecu la r  we igh ts  appear 

t o  c o r r e l a t e  w i t h  somewhat mare f a v o r a b l e  dome shapes, and, o f  cours6, w i t h  

lower  s p e c i f i c  pumpi ng ( o r  p r e s s u r i z a t i o n )  power. 



To con t inue ,  t h e  f i d u  f l u i d  cho ice  here i s  Freon 113. It i s  a  f u l l y .  . 

ha logen-saturated ethane: CC12F:CC1F2. Table I1 e x h i b i t s  some o f  t h e  

b e t t e r '  candidates ( i n c l u d i n g  113),  a1 ong w i t h  t h e i r  summary p r o p e r t i e s .  You 

r e a l l y  have t o  l o o k  a t  t he  vapor domes t o  make a  cho ice  among t h e  t h r e e  o r  

four  "obvious".  ones. An e a r l i e r  a n a l y s i s  cho ice  was Freon 11. 113 l ooks  
b e t t e r  because t h e  condensate "back p ressure"  i s  much lower  ( a t  30°C): 

8 p s i  vs. 18 p s i ;  t h e  work ing p ressure  ( a t  90°C) i s  a l s o  lower :  50 p s i  vs. 95 p s i  

(no te  F ig .  11 ) .  From a  t u r b i n e  e f f i c i e n c y  s tandpo in t ,  t h e  t u r b i n e  f r i c t i o n  

l o s s  i s  s e n s i t i v e  t o  t h e  exhaust  gas dens i t y .  The p ressure  r a t i o  i s  

s l i g h t l y  favorab le :  6.4 vs. 5.2. One can always b u i l d  a  b i g g e r  machine 

t o  compensate f o r  t h e  lower  i n p u t  pressure,  

The TD dome f o r  Freon 113 e x h i b i t s  a  s i n g u l a r  e n t r o p i c  f e a t u r e  - 
p robab ly  r e l a t e d  t o  i t s  unusual mo lecu la r  s t r u c t u r e .  There i s  an extended 

r e g i o n  of  " reverse  en t ropy "  under t h e  sa tu ra ted  vapor l i n e ,  i n  ou r  work ing  

domain. Superheat ing i s  l e s s  impo r tan t ,  and supe rsa tu ra t i on  i s  l e s s  l i k e l y  

t o  occur ,  i n  t he  t u r b i n e  expansion. The Rankine e f f i c i e n c y  approaches t h e  

Carnot l i m i t  a long  these un ique i s e n t r o p i c  l i n e s .  

The TD Cycle.  The f i d u c i a l  c l osed  Rankine c y c l e  adopted here i s  a l s o  shown i n  

F i g .  11, f o r  Freon 113. The o n l y  "elbow room" a v a i l a b l e  i n  t h i s  s p e c i f i c a t i o n  i s  i n  

t he  l o c i  on each s i d e  o f  t h e  dome: L i q u i d  phase p r e s s u r i z a t i o n ,  t o  t h e  l e f t  o f  t he  

s a t .  l i q .  l i n e ;  gas phase expansion, t o  t h e  r i g h t  o f  t h e  sa t .  vapor l i n e .  L e t ' s  

l o o k  a t  t h i s  q u a l i t a t i v e l y :  The c y c l e  s t a r t s  a t  "1" a t  e s s e n t i a l l y  ambient 

c o n d i t i o n s .  A p ressure  pump takes  t h e  l i q u i d  Freon up t o  p o i n t  2, f o l l o w i n g  an 

e s s e n t i a l l y  v e r t i c a l  cons tan t  temp. 1  ine .  (ATI 2 rb 1 OF) The evapo ra t i ve  hea t  

exchanger takes  t he  f l u i d  h o r i z o n t a l l y  i n t o  and through t h e  vapor dome, and 

s l i g h t l y  i n t o  superheat - p o i n t  3. Th i s  superheat i s  needed t o  ensure e s s e n t i a l l y  

i s e n t r o p i c  expansion i n  t h e  t u r b i n e  towards "4 " .  Th i s  s i d e  i s  shown as a  band, 

because t h e  Freon gas may f o l l o w  somewhat d i f f e r e n t  e n t r o p i c  h i s t o r i e s  i n  d i f f e r e n t  

r eg ions  o f  a  t u r b i n e  stage. A l s o  t h e  t u r b i n e  e f f i c i e n c y  i s  f i n i t e  (< 100%). 

Consequently i t s  exhaust gas i s  r e a l l y  go ing t o  end up somewhat h o t t e r  than  " i d e a l "  

( p o i n t  3 ' ) ,  because i t  has t o  c a r r y  away t h a t  " f r i c t i o n  l o s s "  heat .  (Otherwise t h e  

t u r b i n e  m e l t s . )  The i n d i c a t e d  p o i n t s  a re  l o c a t e d  so as t o  correspond t o  a  70% 

mechanical e f f i c i e n c y  i n  t h e  t u r b i n e ,  as d iscussed f u r t h e r  on. F i n a l l y  t he  condenser 

takes t h e  t u r b i n e  exhaust back down t o  t he  s t a r t i n g  c o n d i t i o n ,  o r  p u t t i n g  i t  

another  way, t h e  condenser p rov ides  t h e  "vacuum" f o r  t u r b i n e  expansion. 



Temperature Di f ferences and Thermal Exchange. T h i s  c y c l e  has some 

d i sgu i sed  impact fea tu res  w i t h  r e s p e c t  t o  system des ign.  Note t h a t  t h e  

evapora t ion  segment f o r  t h e  Freon hea t i ng  l e g  (h2 t o  h3) occurs a t  r e l a t i v e l y  

cons tan t  TD f l u i d  temperature,  and i t  soaks up about  2/3 o f  t h e  thermal power 

taken  f r om t h e  r e s e r v o i r .  S ince  our  economics/ef f ic iency arguments urges us t o  

make T3 (and h 3 )  as h i g h  as poss ib l e ,  t h e  a v a i l a b l e  temperature window on t h e  

wate r  s i d e  i s  ve ry  narrow. We're " t rapped"  between 90°C and 100°C. For  a  

p r a c t i c a l  f i d u  case, I adopt  a  h o t  water  temperature o f  94"C, a  v a p o r i z a t i o n  

coo l  i n g  increment  o f  4OC, and a f i n a l  ( coun te r f l ow )  i n t e r f a c e  d i f f e r e n c e  o f  

4°C a l so .  Then t h e  Freon gas temperature w i l l  be 90°C i n t o  t h e  t u r b i n e .  

Another 2°C must be g i ven  up by t h e  wate r  f o r  t h a t  rema in ing  1/3 o f  t h e  thermal 

power needed t o  hea t  up t h e  l i q u i d  Freon. .So t h e  h o t  wa te r  r e t u r n s  t o  t he  

r e s e r v o i r  a t  88°C. 

Several  ways f o r  chea t i ng  on these numbers have been discussed, b u t  

my examinat ion suggests t h a t  t h e y  end up by d e f i n i n g  open TD cyc les  (perpe tua l  

mot ion  machines o f  t h e  nth k i n d ) .  A f t e r  severa l  degrading t r i p s  around t h e  

loop,  t h e  machinery s tops .  

There i s  a  somewhat analogous s i t u a t i o n  on t h e  condenser s i de .  . The 

condensat ion a l s o  takes p l ace  a t  e s s e n t i a l l y  cons tan t  temperature,  and here  

t h e  c o o l i n g  water  has t o  warm up. However, i t  i s  e a s i e r  t o  cheat  here, because 

one cou ld  invoke  evapo ra t i ve  c o o l i n g  on t h e  wate r  s ide .  Bu t  t h e  p r i m i t i v e  

argument remains t h a t  we a r e  aga in  t rapped by a narrow temperature window on 

account o f  economics. So I choose 30°C as t h e  f i n a l  condensate temperature,  

and 26°C as t h e  c o l d  wate r  i n p u t .  It r e t u r n s  t o  t h e  evapo ra t i ve  pond a t  32°C. 

Such a s p e c i f i c a t i o n  o f  temperatures may seem r a t h e r  a r b i t r a r y ,  

b u t  i n  e f f e c t  they  amount t o  c r i t e r i a  f o r  s p e c i f y i n g  i n  t u r n ,  t h e  hea t  exchanger 

con f igur .a t ions  and thermal  f l u i d  f l o w  r a t e s ,  as d e t a i l e d  i n  P a r t  11. There I 

w i l l  a l s o  show t h a t  these  cho ices  s t r a d d l e  a c o m p e t i t i o n  i n v o l v i n g  e f f i c i e n c y ,  

exchanger cos t ,  c o l l e c t o r  c o s t  and o p e r a t i n g  cos t .  

P.S. Note t h a t  t he  i ndex ing  now does - n o t  correspond t o  t he  academic 
Carnot i n d i c e s  f o r  h o t  and c o l d  r e s e r v o i r s .  TI has become T 3 ,  
and T2 has become TA. 



I d e a l  TD E f f i c i e n c i e s .  The work ing temperatures here, a r e  " locked 

i n "  by t h e  h i g h l y  r e a c t i v e  thermal r e s e r v o i r s ;  i t  takes a l o t  o f  heat  t o  

move f a r  from: 

From the  vapor dome, F ig .  11 , we g e t  t h e  corresponding c y c l e  en tha lp ies :  

h l  = 14 cal/gm (25 BTU/lb) h3 = 59 cal /gm (106 BTU/l b )  

h2 = 28 ci.l/gm (50 BTU/lb) hq = 50 cal /gm (90 BTU/l b )  

h i  = 53 cal/gm (95 BTU/lb) 

The corresponding,bounding pressures are:  

pl = 50 p s i  (3.4 atmos. ) p2 = 7.8 p s i  (.53 atmos.) 

w i t h  a r a t i o  p2 /p l  = 6.4. 

The l l i dea l l '  e f f i c i e n c i e s  f o l l o w  a t  once: 

Carnot: nc = 16% 

Joule-Rankine: nR = 134% 

I d e a l  TD Power. Reca l l  i n g  btd = 110 megawatts (s teady-s ta te  thermal 

demand), t h e  i d e a l  Rankine ou tpu t  can be no more than: 

43, = 15.0 megawatts 

It remains t o  take account o f  t he  f i n i t e  e f f i c i e n c y  o f  non-ideal r e a l  thermodynamic 

machinery - i n  p a r t i c u l a r ,  t h e  t u r b i n e .  



Turbine Ef f i c iency .  The l a s t  major  phys i ca l  element a long the  

a t o u t e  f rom So la r  f l u x  i n t e r c e p t i o n  t o  busbar power, i s  t h e  t u r b i n e  machinery. 

A d e t a i l e d  t u r b i n e  ana l ys i s  and design o p t i m i z a t i o n  i s  a  separate ex tens ive  

exerc ise .  Never theless one can adopt some machinery e f f i c i e n c y  numbers based 

on experience and on design e x h i b i t s ,  which represent  good probable exp,ectations. 

An accepted design p r e s c r i p t i o n  ex'presses t u r b i n e  e f f i c i e n c y  i n  terms o f  a  

m u l t i p l i c a t i v e  s e r i e s  of  semi-empir ical  e f f i c i e n c y  m u l t i p l i e r s ,  each o f  which 

addresses some i d e n t i f i a b l e  power l o s s  c o n t r i b u t i o n .  l 4  These can be c o l l e c t e d  

i n t o  severa l  c o e f f i c i e n t s  which converge a s y m p t o t i c a l l y  t o  u n i t y  ( o r  t o  a  number 

very  c lose  t o  u n i t y  - l i k e  .98) ; note  F ig .  12. 

The i n t e r n a l  e f f i c i e n c y  f o r  a t u r b i n e  i s  exp ress ib le  as: 

cos cos2 a ut = k i g  (1  + kb r2 7 
w i t h  : 

Feas ib le  designs i nc lude :  6 :  6, cos2 a 21 .9, whence: 

I n  convent ional  t u r b i n e  design, t h e  design t a r g e t  values f o r  t h e  

e f f i c i e n c y  m u l t i p l i e r s ,  comes ou t  o f  a  cons ide ra t i on  o f  t r ade -o f f s  concerning 

f u e l  ope ra t i ng  cos ts  and machinery c a p i t a l  costs .  For  convent ional  power 

systems, an economical ly  optimum design may thus be one r a t h e r  f a r  f rom 

those asymptotes. For So la r  systems, t h e  t u r b i n e  e f f i c i e n c y  r e f l e c t s  

economical ly  so s t r o n g l y  v i a  added c o l l e c t o r  cos ts ,  t h a t  i t  v i r t u a l l y  

pre-empts any o t h e r  t u r b i n e  design c r i t e r i o n .  It i s  c o s t - e f f e c t i v e  t o  

adopt a  h igh -e f f i c i ency  design phi losophy almost i r r e s p e c t i v e  o f  c o s t  

corlsequences on lilt! 1ur.L ir~e i t s c l  f. 

A p r i m i t i v e  t r a d e - o f f  model i l l u s t r a t i n g  t h i s  s i t u a t i o n  i s  

discussed i n  UCID-16386, P t .  2. There I show f o r  example, t h a t  a  1% 

increase i n  t u r b i n e  e f f i c i e n c y  i s  t y p i c a l l y  wor th  a  302 i n i r e a s e  i n  t u r b i n e  

p r i c e ,  i n  t h i s  a p p l i c a t i o n .  

9. i b i d .  

14. Lee, Theory and Design of Steam and Gas Turbines. 
. % . .  



Retu rn ing  t o  an i n s p e c t i o n  o f  F ig .  12, h i g h e r  e f f i c i e n c i e s  means 

work ing  w i t h  l owe r  v e l o c i t i e s  and w i t h  mechan ica l l y  l e s s  f a v o r a b l e  b lade  

angles,  t o  reduce f r i c t i o n ,  tu rbu lence ,  commutation e f f e c t s ,  e t c .  Tha t  

then r e q u i r e s  l a r g e r  and more stages, l a r g e r  and more b lades,  s lower  r o t o r s ,  

e t c .  - a l l  fea tu res  t h a t  p o i n t  t o  h i g h e r  machine cos ts .  But  t h e r e  a r e  a l s o  

t e c h n i c a l  l i m i t s  as t o  how c l o s e  one may approach t h e  " i d e a l  ". For  ins tance,  

t h e  b lade  angle t e rm  op t im i zes  a t  about  .92; f o r  y e t  sha l l owe r  a t t a c k  angles, 

t h e  i d e a l  t u r b i n e  becomes power- less as w e l l  as f r i c t i o n - l e s s .  As a re fe rence  

case, one sees (aga in  by i n s p e c t i o n )  t h a t  t h e  f o l l o w i n g  c r i t e r i a 1  va lues  

are reasonable : 

such t h a t :  

tt Q .80 

Never the less,  i n  deference t o  unchal lengeable conservat ism, 

I invoke:  

tt = .70 

I t  f o l l o w s  t h a t  t h e  t u r b i n e  o u t p u t  i s :  

Otd rip q t  = 10.5 Megawatts 

Real TD E f f i c i e n c y .  The. a c t u a l  thermodynamic e f f i c i e n c y  i s :  " Rt tx = 9.2% 

where qx expresses a smal l  c o r r e c t i o n  f o r  t h e  p r e s s u r i z a t i o n  power d iscussed 

below ( q 3  .98) .  

Corresponding ly ,  91% o f  t h e  thermal power be ing  wi thdrawn f rom 

s to rage  has t o  be con t i nuous l y  d isposed o f ,  th rough  t h e  condenser. I w r i t e :  

dr = ( 1 ~ ~ )  Otd Q 100 Megawatts ( z4. x  106 ca l s / sec )  

I n  t he  c l osed  Freon loop,  t h i s  i s  d e l i v e r e d  t o  t h e  condenser by t h e  t u r b i n e  

exhaust  gas a t  about 115OF ( p o i n t  3 ' ) .  



A t  t h i s  p o i n t ,  t h e  o v e r a l l  system e f f i c i e n c y  i s  about 3%. We must 

s t i l l  t a k e  account  of t h e  l a r g e r  of a  m u l t i t u d e  o f  p e r i p h e r a l  power " robbers"  

i n  t h i s  f i d u  system, such  as hea t  exchangers and pumps. As i n d i c a t e d  be fo re ,  

most ' o f  these deduc t ions  depend on j u s t  how f a r  one cares t o  go i n  r e f i nemen t  

and cos t ;  t o  a  c e r t a i n  e x t e n t ,  i t  a l s o  becomes a ques t i on  of a s s i g n i n g  an 

accep tab le  t e c h n i c a l  p e n a l t y  and des ign ing  t o  it. 

What t h e r e  i s  l e f t  t o  say about  t h e  t u r b i n e  proper ,  w i t h o u t  g e t t i n g  

i n t o  i n t e r i o r  des ign  d e t a i l s  (such as b lade  shapes, s t ag ing ,  e t c .  ) , concerns 

bounding f e a t u r e s  and cons t ra i .n ts  which a r e  determined by  system requi rements,  

by  p r o p e r t i e s  o f  ma t te r ,  by t h e  c h a r a c t e r i s t i c s  o f  o t h e r  cont iguous components. 

I n  p a r t i c u l a r  we need t h e  f l u i d  f l o w  numbers i n  o rde r  t o  c a l c u l a t e  t h e  ( l i q u i d )  

Freon p r e s s u r i z a t i o n  work. 

TD F l u i d  Mass and Volume Flows. E a r l i e r  we saw t h a t  i t  takes  about 

14 cal /gm (25 BTU/lb) t o  hea t  t h e  Freon condensate, and about 31 cal /gm (56 BTU/lb) 

t o  vapo r i ze  i t .  Each gram o f  Freon th rough t h e  evapora to r  removes 45 c a l o r i e s  

(188 j o u l e s )  i n  t h e  gas phase, a t  a  d e n s i t y  o f  .023 gm/cc (1.45 1 b / f t 3 ) .  The 

r e q u i r e d  average Freon mass f l o w  f o r  s a t i s f y i n g  t h e  hea t  t r a n s f e r  c r i t e r i o n  

(110 Megawatts) i s  then :  

The cor respond ing  Freon volume f l o w s  a re :  

A t  t u r b i n e  i n p u t :  50 p s i  (3.4 atmos. > , 90°C and .023 gm/cc 

A t  t u r b i n e  ou tpu t :  1. 8.0 p s i  (.54 atmos. ),  45°C and -0040 gm/cc 

f,, = - -  ' 150 i ~ r t . ' / b r c  (5200 f t a / s e c )  
P 

I n  condensate phase: L i q u i d  Freon, 30°C, 1.55 gm/cc 



Flow V e l o c i t i e s .  I n  p r i n c i p l e ,  t h e r e  i s  j u s t  one mandatory f l o w  

v e l o c i t y  c r i t e r i o n  f o r  t h e  thermodynamic loop:  The severe n o n - l i n e a r i t i e s  

- a n d  h i g h  losses  assoc ia ted  with t h e  t r ans -son i c  regime f o r  gas f l o w  i n  ducts 

and t u r b i n e  work ing spaces. There i s  t h i s  t r a d i t i o n a l  c r i t e r i o n  i n  conven t iona l  
< 

t u r b i n e  des ign:  v  2 .4 vs  ( a l s o  see SDK 73-10). Here f o r  Freon gas: 
9  

v  % 140 m/sec. We o b t a i n  t h i s  r a t h e r  low gas f l o w  v e l o c i t y  1, imit :  
S 

u 3  Q 56 m/sec (% 180 f t / s e c )  

Th i s  v e l o c i t y  number a l s o  gages t he  a l l o w a b l e  t i p  ( o r  edge) v e l o c i t y  o f  t he  

l a r g e s t  t u r b i n e  s tage.  I t ' s  go ing  t o  be s low and b i g  (% 5 r p s ) .  

I n f e r - e n t i d l l y ,  L t ~ i s  a l s o  leads  t o  a  maximum f l o w  v e l o c i t y  number f o r  

t h e  l i q u i d  phase. I assume condenser-evaporator.geometries which a r e  - n o t  

phase-sens i t i ve .  T h i s  cou ld  be a  cons tan t  c ross -sec t i on  b o i l e r  - f o r  ins tance ,  

made o f  many p a r a l l e l  p ipes  - a  convent iona l  geometry. Then necessa r i l y ,  by 

mass conserva t ion :  
. 
M - p  v  L 5 p f v f L  

9  . 9  
(where C denotes c ross -sec t i ona l  a rea)  

F ind :  ~ ~ ~ ~ l . Z m / s e c  ( 3 % f t / s e c )  (1 i q u i d  phase f l o w )  

O f  course, t h e  p e r m i s s i b l e  l i q u i d  f l o w  v e l o c i t y  i n  o t h e r  system 

l o c a t i o n s  has a  much w ide r  accommodation than  i s  i n d i c a t e d  by t h i s  c r i t e r i o n .  

Elsewhere, i t  would be l i m i t e d  o n l y  by t h e  work r e q u i r e d  t o  overcome "plumbing 

f r i c t i o n " .  Th i s  i s  a l s o  b r i e f l y  d iscussed i n  P a r t  11; here  I summarily assume 

t h a t  i t  i s  c o s t - e f f e c t i v e  t o  make t h e  condensate plumbing l a r g e  enough as t o  be 
' 

e s s e n t i a l l y  " l oss - l ess " :  I .e . ,  Less than  .05 Megawatt r e s i d u a l  head l o s s .  

There i s  no s t r o n g  c r i t e r i o n  f o r  s i z i n g  t h e  exhaust s i d e  o f  t he  

t u r b i n e .  The e f f i c i e n c y  here i s  so low t h a t  t h e  gas k i n e t i c  energy c r i t e r i o n  

mere ly  leads  t o  a  s l i g h t l y  lower  exhaust gas v e l o c i t y ;  t h i s  then  ob ta ins  a  

conven t iona l  a d i a b a t i c  t h r u s t  r e l a t i o n s h i p :  



Admission-Exhaust Areas. There i s  an unavoidable f l o w  bo t t l eneck :  

The Turb ine  admission area. It would a c t u a l l y  c o n s i s t  o f  t h e  many f i r s t  s tage 

s t a t o r  passage areas ( o r  nbzz les )  i n  p a r a l l e l .  I assume 360" ( f u l l )  admission, 

i n  t h e  i n t e r e s t s  o f  maximum t u r b i n e  u t i l i z a t i o n  e f f i c i e n c y .  The f i r s t  and 

l a s t  s tage passage areas a r e  then  s ized ,  t o  f i r s t  o rde r ,  by  t h e  numbers 

i n d i c a t e d  above, by v i r t u e  o f :  

F ind :  C3 = .45 m2 (5 .0  sq f t )  t o t a l  admission area 

C b  = 3.0 m2 ( 31  sq f t )  t o t a l  exhaust area 

I t  i s  n o t  a v,ery l a r g e  machine. (Compare t h e  Paratunka 500 kw u n i t  - Appendix A. ) 

A u x i l i a r i e s .  From a systems o u t p u t  s t andpo in t ,  we must n e x t  account f o r  these 

e s s e n t i a l  "suppor t "  loads  and losses ,  i n  o r d e r  t o  a r r i v e  a t  t h e  n e t  busbar ou tpu t :  

1. Thermodynamic f l u i d  p r e s s u r i z a t i o n  

2. E l e c t r i c a l  convers ion  e f f i c i e n c y  

3. Thermal system pumping power ( t h a t  2 f t  l i f t ,  remember ? )  

4. Con t ro l  and ope ra t i ons  requi rements 

5.. Freon and water  c i r c u l a t i o n  work through t h e  hea t  exchangers: 

evapora to r  and condenser 

I s u b t r a c t  TD p r e s s u r i z a t i o n  ahead o f  e l e c t r i c a l  gene ra t i on  because 

i t  i s  o f t e n  customary t o  power t h i s  pump by means independent o f  t h e  "main l i n e " ,  

f o r  reasons o f  systems s t a b i l i t y  and s a f e t y .  

Thermodynamic . - Pumping Power. Th i s  i s  t h e  l a s t  power n ~ r ~ p ~ r t  p e n a l t y  

d i r e c t l y  a t t r i b u t a b l e  t o  t h e  i n t e r n a l  requi rements o f  t h e  thermodynamic loop.  

The condensed ( l i q u i d )  Freon has t o  be p ressu r i zed  be fo re  p u t t i n g  i t  back i n  

t he  b o i l e r .  V i r t u a l l y  a l l  o f  t h i s  work i s  vdp; t h e  compression increment  

(pdv) i s  n e g l i g i b l e .  The r e q u i r e d  pumping power on t h i s  account  i s :  

assuming a pumping e f f i c i e n c y  11, = .85 and Ap = 2.9 bars .  



: The same pump a l s o  pushes t h e  Freon th rough b o t h  hea t  exchangers 

(evapora to r  and condenser).  I n  P a r t  11, I show t h a t  i t  i s  bo th  necessary and 

reasonable t o  c r i t e r i a l l y  ass ign  a  head l o s s  f i g u r e  t o  each thermal ope ra t i on .  

Th i s  i s  nom ina l l y  .1 Megawatt apiece, so t h a t :  
+ 

P = .35 Megawatt t o t a l  

The p r e s s u r i z a t i o n  pump may be d r i v e n  by  a  smal l  independent 

t u r b i n e ;  cus tomar i l y ,  an a u x i l i a r y  s t a r t i n g  engine can be c l u t c h e d  i n ,  s i nce  

t h i s  pump " t e l l s  t h e  TD f l u i d  which way t o  go" a t  t h e  beginn ing.  

The power l edge r  now reads: 

Ptd = 10.2 Megawatts 

E l e c t r i c a l  Generat ion.  Having reached t h e  p o i n t  o f  t u r n i n g  a  s h a f t ,  

we can invoke some "s tandard  numbers" f o r  the ,power  gene ra t i on  and busbar 

man ipu la t i ons :  

S h a f t  convers ion  . . . . 95% 

Transformer  y a r d  . . . . 98% 
The gross e l e c t r i c a l  o u t p u t  i s :  

P' = 9.5 Meaawatts 

Thermal Sub-system Power. I n  t h e  thermal sub-system d i scuss ion ,  

I assigned a  2  f t  head t o  t h e  c i r c u l a t i o n  requ i rements  o f  t h e  Pond f i e l d  

i t s e l f ,  p a r t l y  on t h e  b a s i s  t h a t  one s imp l y  cannot a f f o r d  much more. 

R e c a l l i n g  P/h = 115 K i l o w a t t s ,  t h a t  ass igns -.25 Megawatt t o  t h i s  f u n c t i o n .  

Reca l l  a l s o  t h a t  i n  t h e  f i d u  c o n f i g u r a t i o n ,  t h i s  i s  s p l i t  between s i x  40 kw 

p l i ~ ~ ~ p - l l ~ u  L O P  u n i t s  . 
Con t ro l  and Opera t ion  Requirements. I r a t h e r  a r b i t r a r i l y  ass ign  

..25 Megawatt t o  t h i s  inescapable " p l a n t  l oad " .  



The Thermal Transfers.  I n  t he  chosen f i d u  con f i gu ra t i on ,  t he re  a re  

two p laces where a l l  o f  the  thermal energy must be t r a n s f e r r e d  between Freon 

and Water. These correspond t o  the  Ti-T3 l e g  (evaporat ion)  and the  Ti-TI l e g  

(condensat ion).  E a r l i e r  I spec i f ied  some r e l a t i v e l y  small permiss ib le  

temperature increments f o r  these operat ions:  2°C counter-f low d i f f e r e n t i a l  

a t  the  Freon output ,  and 6°C change i n  the  water passage. The dominat ing 

feature i n  b i n a r y  heat exchanger design i n  t h i s  app l i ca t i on ,  t u rns  out  t o  be 

the  t h i n  laminar  f i l m  which bounds the  moving f l u i d s  on both s ides o f  t he  

separat ing metal w a l l .  It c o n t r o l s  both the  achievable heat t r a n s f e r  dens i t y  

and the pumping power pena l ty .  This  combination o f  cons t ra ' in ts  requ i res  t h a t  

very l a r g e  volumes o f  f l u i d  must be c i r c u l a t e d  along a  thermal i n t e r f a c e  o f  

e x c e p t i o n a l l y  l a r g e  area, as compared t o  convent ional  p rac t i ce .  S a t i s f y i n g  

these techn ica l  requirements w i t h i n  acceptable c a p i t a l  cos t  and opera t ing  

power l i m i t s ,  seems t o  be the nex t  most cha l leng ing  design problem i n  a  

Shallow Pond system. The analogy w i t h  the  problems o f  OTG i s  inescapable. 

I n  i n i t i a l l y  cons ider ing  these design quest ions, one has t h e  f e e l i n g  

t h a t  t he re  s imply must be a  most advantageous exchanger destgn, w i t h i n  the  

l a r g e  continuum o f  a l t e r n a t i v e s .  Yet bo th  theory  and experience argue t h a t  

t h i s  i s  n o t  so; heat  exchanger design i s  a  r e l a t i v e l y  " f l a t "  business. I 

conducted a  f a i l - l y  ex tens ive  ana lys i s  o f  t he  problem, and I was n o t  d isappointed 

i n  conf i rming t h i s  i n s e n s i t i v i t y .  There a re  s i g n i f i c a n t  compromises between 

c a p i t a l  cos t  and opera t ing  costs,  however; i n  t h i s  respect ,  t he  problem i s  

ra ther .ana logous t o  the  "Turbine Tradeof f "  o f  Reference 9. Rather than engage 
,. ../ i n  a  lengthy  d i s c u r s i v e  detour ,  t h e  heat exchanger exerc ise  and i t s  numerical 

r e s u l t s  w i l l  be de l i be ra ted  i n  t h a t  separate Par t  11. Hereunder, I b r i e f l y  

summarize some o f  t he  outcomes most p e r t i n e n t  t o  our  goal here. 

An e a r l y ,  s ta rk ,  design choice was t h i s  one: Do we immerse the  heat 

exchangers i n  the  r e s e r v o i r s ,  o r  do we cons t ruc t  them as i n d i v i d u a l  system 

components ? I t  t u r n s  ou t  t h a t  t h i s  choice too, i s  economical ly immater ia l .  

The f l l r n  c o n s t r a i n t s  operate so de te rm ina t i ve l y ,  t h a t  t he  f l u i d  f l o w  i n  a  

r e s e r v o i r  needs t o  be promoted and c o n t r o l l e d  as e l a b o r a t e l y  as i f  i t  a c t u a l l y  

wcrc i n  3 separate container-. Ther.e i s  no "obvious" advantage. (A "na tu ra l  

convect ion"  design tu rns  ou t  t o  r e q u i r e  an e x c e p t i o n a l l y  l a r g e  i n t e r f a c e :  

% 20% c o l l e c t o r  area ! ) That i s  b a s t c a l l y  why I e lec ted  the  more conserva t ive  

choice i n  the  f i d u  system, us ing convent ional ,  p a r a l l e l  tube, enclosed assembles. 



One then seeks tube con f i gu ra t i ons  fo r  evaporator and condenser 

which impose the  l e a s t  pena l ty  i n  operati,ng power and e f f i c i e n c y .  Three 

bas ic  a n a l y t i c  c r i t e r i a  can be w r i t t e n ,  i n v o l v i n g :  

Energy and mass conservat ion i n  steady-state t r a n s f e r  

Thermal t rans fe r  f unc t i ons  f o r  laminar  f i l m s  

Pressure g rad ien t  i n  l i q u i d  f l o w  due t o  laminar  f i l m s  

The der ived f i r s t - o r d e r  r e l a t i o n s h i p s  between ma te r ia l  p rope r t i es ,  des i red  
c opera t ing  cond i t i ons ,  and geometry, t u r n  ou t  t o  be e x c e p t i o n a l l y  degenerat ive 

f o r  t h e  geometric var iab les ,  y e t  s t r o n g l y  de terminat ive  f o r  some f u n c t i o n a l  

ones. (Hence the  " f l a t n e s s "  noted e a r l  i e r .  ) Furthermore, t h i s  makes i t 
w 

d i f f i c u l t  t o  cons t ruc t  a  "c losed" d e s c r i p t i o n ,  w i t h  a  unique s e t  o f  so lu t i ons .  

R igh t  a t  the  s t a r t ,  one conf i rms t h a t  t he  laminar  f i l m  l i m i t s  t he  

achievable thermal t r a n s f e r  r a t e  t o  values w e l l  below t h a t  f o r  j u s t  t h e  metal 

i n t e r f a c e .  I n  t he  l i q u i d  phase, t h i s  f i l m  i s  o f  t he  order  o f  .O1 cm i n  

th ickness;  i t  changes r e l a t i v e l y  s l o w l y  w i t h  f l u i d  v e l o c i t y  (becoming t h i n n e r  

a t  h igher  v )  - b u t  t h e  pumping power goes as v3 ! I n  a  r e a l i s t i c  design; 

the achievable thermal t r a n s f e r  c o e f f i c i e n t  t h r u  a  Freon f i l m  i s  about 20% 

o f  t h a t  on the  water s ide ,  so t h a t  t he  Freon s ide  dominates the  problem. A 

p r a c t i c a l  t r a n s f e r  r a t e  i s  % 2000 BTU/sq ft h r ,  and s ince we r e q u i r e  a  t o t a l  

thermal " t h ru -pu t "  o f  t he  order  o f  2  x 10' BTU/hr, the  exchanger i n t e r f a c e  

area needs t o  be about l o 5  sq ft - n o t  a  t r i v i a l  requ?rement, as i t  amounts 

t o  1% o f  the  c o l l e c t o r  area. 

One a l s o  comes up w i t h  some o the r  s u r p r i s i n g  geometr ical  f ea tu res  

f o r  an "optimum" design - l i k e  a Freon passage aspect r a t i o  l / d  % 3000 ! 

A tube 1" I n  diarneeep should be % 250 ft long,  w i t h  a  sur face area % 60 sq ft, 

imp ly ing  about 1600 tubes i n  a l l .  It is. a  s t range c rea tu re  indeed - b u t  
\ 

made more p l a u s i b l e  i f  you c a r e f u l l y  inspect  t he  Freon heat exchangers i n  

an average household' r e f r i g e r a t o r  - very  t i n y ,  very long tubes c l e v e r l y  

soldered t o  l a r g e  a i r -coup led  surfaces, 



The s i g n i f i c a n t  numbers f o r  t h e  immediate purpose here, a r e  t h e  

powers r e q u i r e d  t o  opera te  these exchangers. The paramet r i c  exerc ises  t o  

da te ,  i n d i c a t e  t h a t  i t  i s  w i t h i n  t e c h n i c a l  and economic range t o  c o n f i g u r e  

an evapora to r  and a condenser such t h a t  t h e  r e q u i r e d  ope ra t i ng  power i s  no 

more than  .4 megawatt each. Of  t h i s ,  .1 megawatt i s  needed t o  c i r c u l a t e  

t h e  Freon; t h i s  a c t u a l l y  appears as an a d d i t f o n a l  power requ i rement  on 
t h e  TD p r e s s u r i z a t i o n  pump (and i t  was accounted f o r  above). The o t h e r  

. 3  megawatt i s  needed t o  c i r c u l a t e  water ;  these c i r c u l a t i o n  pumps would 

most l i k e l y  be d r i v e n  by  e l e c t r i c  motors. Th i s  requ i rement  t h e n  represen ts  

another  bus-bar p e n a l t y  o f :  - .6 Megawatt. 

The Water Flow Requirement. The evapora to r  must t r a n s f e r  110 Mw, 

t h e  condenser - 100 Mw, an a lmost  n e g l i g i b l e  d i f f e r e n c e  f rom a thermal des ign  

s tandpo in t .  Both s i des  a r e  p e r m i t t e d  a 6°C increment  f o r  t h i s  t r a n s f e r .  

The mass f l o w  r a t e  i s :  

I n  o t h e r  language: 4.5 x l o 3  kg/sec 4.5 met3/sec 

160 cu f t / s e c  104 I bs / sec  

1200 a a l  /sec 

The Pumping Heads. ' For  t h e  pe rspec t i ve  purpose, one can here  t u r n  

t he  problem around by ask ing :  What a r e  t h e  i m p l i e d  l o s s  heads i n  t h e  thermal  

hardware, as i n d i c a t e d  by t h e  pumping powers, assuming incompress ib le  f l u i d s  ? 

P = \jnp 
P 

Freon s i de :  For  9 = .37 met3/sec l i q u i d  phase, f i n d :  

AJ = 2.7 bars  or ,  Sb f t  head e q u i v a l e n t  

Water s i de :  For  9 = 4.4 met3/sec,  f i n d  

Ap - . 7  b a r  o r  22 ft head equiv .  .- 

These numbers a t t e s t  t o  t h e  magnitude o f  t h e  pumping problem. I t  i s  l i k e l y  t h a t  

one can do much b e t t e r  than  t h i s  i,n t h e  end, b u t  t h e  parameter s t u d i e s  so f a r ,  

r e q u i r e  t h i s  conservat ism.  Bear i n  mind t h a t  by these numbers, we would be 

moving around 150 Megawatts of hea t  a t  a c o s t  o f  about  1 /2  megawatt o f  power, 

o r  .32 .  I n  conven t iona l  designs , a cos t -e f fec t i veness  corresponding t o  

% 1% i s  cons idered t o  be "opu len t " .  



"Lake Tee-Too". I n  t h e  f i d u  c o n f i g u r a t i o n ,  t h e  condenser i s  shown 

as t r a n s f e r r i n g  t h e  r e j e c t e d  heat  i n t o  a  wate r  body o f  s u f f i c i e n t  area, as t o  

be e s s e n t i a l l y  i n  thermal e q u i l i b r i u m  w i t h  t h e  atmosphere, v i a  wind c o o l i n g  

and evapora t ion .  I-t i s  t h e  l a t e n t  hea t  o f  evapo ra t i on  which dominates t h i s  

f i n a l  process; assuming t h a t  24 x 106 ca ls /sec  (3.5 x 10' BTU/hr) a r e  u l t i m a t e l y  . 

dumped thereby  i n t o  t h e  a i r ,  we f i n d  a  wate r  u t i l i z a t i o n  r a t e  o f :  

% 930 ac re  f e e t l y e a r  

For  d r y  a i r ,  t h i s  i n v o l v e s  an evapo ra t i on  r a t e  g i v e n  by Marks as: 

where p v  i s  t h e  wate r  vapor p ressure  ( inches  Hg) 

A t  25"C, f i n d :  

A = 3.3 x 106  sq f t o r %  1/3 sq km 

( 7 5  ac res )  

I n  e f f e c t ,  i t  takes  about  33% o f  t h e  c o l l e c t o r  f i e l d  area t o  d ispose o f  i t s  

degraded TD hea t  - a  n o t  unreasonable e c o l o g i c a l  p r e s c r i p t i o n ,  as' we1 1. 

T h i s  l a k e  needs t o  be o n l y  12 ft deep (average) i n  o r d e r  t o  s t o r e  one 

y e a r ' s  supp ly  o f  water .  (The evaporation r a t e  i s  about  one f o o t  p e r  month. ) 

I f  I assume a  12"  annual r a i n f a l l ,  t hen  we need a t  l e a s t  800 acres ( 2  km2) 

t o  r e p l e n i s h  t h e  l a k e  ( n e g l e c t i n g  ground p e r c o l a t i o n ) .  cons ide r i ng  t h e  space 

r e q u i r e d  f o r  wa te r  s torage,  power p l a n t ,  access roads and s e r v i c e  yards ,  

2  km2 j u s t  corresponds t o  t h e  s i t e  area needed f o r  a  1  km2 c o l l e c t o r  system. 

So i t  i s  n o t  unreasonable t o  t h i n k  i n .  terms o f  a  comple te ly  s e l f - s u f f i c i e n t  

f a c i l i t y :  Sunshine and r a i n f a l l  i n ,  e l e c t r i c  power and h u m i d i t y  o u t .  

Obv ious ly  "Lake Tee-Too" must a l s o  be " d i r t  cheap". I n  t h e  f i d u  

d e p i c t i o n s ,  I have shown i t  as p h y s i c a l l y  i n t e g r a l  t o  t h e  p l a n t  complex, 

aga in  because we cannot a f f o r d  t o  pump wate r  ve ry  f a r  - h o t  o r  co ld .  And 

i t  may need some k i n d  o f  inexpens ive  sun shade, t o  p reven t  i t  f rom t r y i n g  

t o  behave l i k e  i t s  S o l a r  c o l l e c t o r  nei:ghbor. 



The Busbar O u t ~ u t .  

F i n a l l y  I c o l l e c t  these opera t ing  loads:  

Pond ' f i e l d  pumps . 3  Mw 

Cont ro l  and opera t ions  .2 

Heat ~xchangers  .6 

1.1 Mw 

We end up w i t h :  

--- , 

P = 8.4 Megawatts 

System E f f i c i e n c y .  Based on a  mean So lar  i n p u t  number o f  300 MW,  

t h e  o v e r a l l  p l a n t  e f f i c i e n c y  i s  then: 

A c o l l e c t i o n  o f  s a l i e n t  numbers o f  t h i s  exe rc i se  i s  presented i n  a  ledger ,  

o r  "Power ~ c c o u n t "  o f  Table I ( w i t h  Synopsis). 



Tabl'e I 1  

P r o p e r t i e s  OF TD Fl'uids. 

Mol . Thermal 
Freon Composi t ion W t  . Densi ty Sp. H t .  Cond. V i s c o s i t y  C r i t i ca .1  P t .  Pressure ( p s i )  A en tha lpy  

(e .u . )  ( e . u . )  (po ises )  "F/ps i 70°F 200°F R a t i o  BTU/lb 

Note: "A en tha lpy "  i s  a  p u r e l y  comparat ive number taken on t h e  sa tu ra ted  vapor 1 i n e  f o r  200°F and 70°F. 



Commentary. 

Analyses such as t h i s  tend t o  abrupt  endings, s ince they are  

paper numerical exerc ises.  Having def ined t h e  problem, t h e r e ' s  n o t  much 

o f  substance t o  puzzle over, u n t i l  we get  some " r e a l  numbers" Elsewhere 

t h e  So lar  team i s  developing an experimental  p lan  f o r  stepwise a c q u i s i t i o n  

o f  data p e r t i n e n t  t o  the  Shallow Pond scheme. 

The est imated s i z e  o f  t he  compet i t i ve  thermal and thermodynamic 

dqgradat ions i n  t h i s  scheme, make i t  seem r e l a t i v e l y  marginal .  But Nature 

i s  marginal too  i n  t h a t  sense. Yet i t  i s  a s t r o n g l y  successful  and adaptable 

opera t ion :  The average So la r  energy u t i l i z a t i o n  e f f i c i e n c y  o f  a f o r e s t  i s  

about 1%. One does n o t  ge t  a f a i r  measure o f  the  r e l a t i v e  m e r i t s  o f  Solar  

systems w i thou t  an economic eva lua t i on  as w e l l .  As noted before, t h i s  

scheme gives some promise o f  being so cheap as t o  compensate f o r  t he  low 

e f f i c i e n c y ,  i n  terms o f  cos t -e f fec t iveness .  A premature s e t  o f  design cos t  

est imates appears i n  Table 111; i t  i s  by  no means a "c losed issue".  

Referencing F ig .  6, the  e s s e n t i a l  economic quest ion  i s :  Can you make 

16,000 such boxes f o r  $5,000,000 ? I f  so, y o u ' r e  " i n " .  



Table I11 

Cost Estimate 

10 Mw. Shallow Solar Pond System 

1. Average annual Arizona solar  incidence - 
(24 hrs/day) 250 watts/m2 

2. Estimated overall conversion efficiency 
frcm incident solar  energy t o  o u t p u t  
e l ec t r i ca l  energy = 3% 

2 3. Solar Pond col lec tor  area required = 10' watts/[250 w l n  x.031 

= 1.33 h2 
(Q 1 m i 2  s i t e  area) (= 0.5 mi2) 

4. ~ s t i m a t e d  col lector  cost  (includ. piping) 

5. Hcat storage 'P lOO/Kw 

6. Turbogenerator, heat exchangers, e tc .  'P 150/Kw 
$965/ KL! 

. . 
A t  15% fixed charge r a t e  and 85% load fac tor ,  

.. 
$100 0.15 10' mills $100 - - 2 mills 

= Kwh 

Solar Fixed charges = 19.5 mills/Kwh 

Opcration 8 Maintenance = 2.5 rnills/K\zrh 
. - 

Fucl = 0 

Bus Bar --------+ 2 2 mi 1 1 s / KVI h 

\ FINAL COST F IGCPE = 1 22 tk" ] mil ls/Kwh. 
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Water Ponds) 
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(Heat Exchanger) (Heat ~ x c h a n g e r )  

F ig .  1 sha l low Pond -- System Schematic 



I ~oial stanbard time 

Fig: 2 Typical mi@-sumner histories 
Electrical pawer load 

(Insolation indl udes effect of atmosphere 
and incidence angle) 

Power data courtesy PG&E 



Fig. 3 ,  Typical mid-winter histories 
(see Fig.  2 )  

Power data ~ourtesy PGIE 
I .* 0 
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Return Flume -7 Pond Field 
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TD Return Pipe 

Fig. 5 Sections Thru Central Reservoir 
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Thermal Blanket ? 3 layers) 

L Meir edge 
or " r i f f l e "  

Fig .  6 Prefab Plastic Pond Box Concept 

There would be 10 o f  these, l a i d  end-to-end 
for each 600' pond str ip .  



Absorptivity > 0 

tl processes 
P- 

1 

-2- 
/ 

I C C C  
C' 

/ ! 
f 

i I 
-C / 

 fir 

LPond base seal 
menibrane 

! Conduction Loss 
y thru base insulation 

) 'Gl az l  ng ' membranes 
I 
m 
0 
I 

. Thermal Product 
(Hot water circul ation) 
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Fig. 9 Distribution Details 
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Fig .  10 Thermodynamic Account Schematic 



SCALE CHANCI 



Theoreficol velocity, I t  ger sec 

Typical values of veiocity coefficient for superheated steam or Oar. 

8=180- (p:+ 7 I for mwicg blod:s 
0 ~180- (aL+a, )  for s:a:kcmv Ct.?des 

Rome b r s  coefficient for blades ond nozzle foils. 

Incidence loss coefficient foc standard Lnpulrn b l a l s r  

F i q .  12 Turbine e f f i c i e n c y  -parameters 

qt = k ; p  + k2 k . )  cos2 ci 
P l  2 



APPENDIX A I 1 

Geothermal Power Plant on the Paratutika River 

Tlic pruhlcni of tlccp cilrtli's lieill utilizi~tiuli is ;I currently 
ccntri~l 011e. h ~ ) t l i  Fruni ;In cco~lomic sr;~ndpuint  and for rllc 
purpose of po\vcr prucluition in the areas di51;lnt from ftlcl 

bnscs. 
Tlie usr: of lo\\ boiliirg S L I ~ S ~ ; I I > C ~ S  :IS U ' O I ~ ~ I I ~  hocli~:, i l l  

powcr planis opc.n\ up strung pos>ibili~ics fur ~ l i c  gco~hcrm;~l 
sources uliiizstion. 
- This pa7c.r r<prcseIiIs the firs: Jnt;~ on the Frcon powcr 

plant o p c r a ~ i n g  in ~ h c  USSR fruni  1967. 

The interest in the problclii ul' liot geothermal 
watcr utilization has rcccntlv prown in 0111. coit~itry and 
also abro3d. nutiibcr of reports, dealing with this prob- 
Icm and short conimunications made by various nuthors 
at the VII lntcrn;~tional Confcrcncc ivcrc tlcdicatctl :n 
this topic (R~losco\\l 19611. Ccopo\\~cr projects arc at 
~xcsllnt clc\~clopcil in Ilalv. Icclatirl. U S A ,  lapan,  111111- 
p r y .  Nc\v Zcaland ant1 Alcsico. :\ colnmi~lcc for gco- 
thermal stutlics \\,as organizccl i l - I  0111. countrv hcadccl bv 
acadcmici;~n .I\. U .  I ' IKI IO~OV i ~ t  11ic Acadcniy of Sci- 
cnccs of the USSR. t\lso a Dcpurtmcnt of Ckcp Earth's 
Heat Utilization lias been ric\vly organizccl hy the USSK 
hlinistry o f  Gas 1ndustl.y whose cliargc \Itas to builcl up 
hot water drillin: projects and dcvclop mctliotls of tlici: 
utilization a11 o\.cr tllc coi11111.y. 11 ~ ? u m l > c ~  ol' nc\vly born 
craft board>. such as Yorill Caucasinn I3oal.tl and Kam-  
chatka Hoard have rcccntly bccn set LIP to clcal with 
hot springs ittilization. Thc problctii of liot watcr i l t i l i -  

zation is cspsci:~lly inlportant for tlic Kamchatka rc- 
?ion, as !his vast ;11id di~tillll area ~.vitli S C V C ~ C  clirnatic 
conditions lias no minct.al t~csout~ccs of its own. Morc- 
over, f i~cl  imports costs arc too high. 

Thercforc i t  is r c i~s~ t i ah lc  to huilcl up a turbo uliit 
with hear transfcr fluid of low boiling tcmpcraturc using 
hot water of the Kamchatkn's springs of ahnut 55- 
130°C. The  lieat transfer f l i t i c l  of thc first unit was 
Freon-12. of domestic hioh-:~.adc productio!~, The main 
problenis cncountcrcd \\.ere: 1 )  Crc:~tion of a pioncer 
Frcon turbo unit o f  inditsirial imporrancc a~icl studv of 
combinccl opcration of tlic unit as 3 \vlicrlc. 2 )  Practical 
testing of the possihiliry or asscnibli~:g ailtl opct,ation 
o f  the Frcon turbo-unit in the cotiditions of op t ra t i l~y  

Thcrninl Physics Institute. Sihc~ian I~r;~! ic l i .  USSR Aca- 
dcniy of Szicnccs. Novcrsibirsk. L!SSII. 

steam-power plant. 3 )  Huilding-up of gcopawcr plant 
with a Frcon turl)o-unit. Solution of all tlicsc problems 
would provide some vitltti~l~lc evidence on the problem 
of binary water-l'rcon cyclcs. 'The problctii of utilization 
of binary water-l'rcon ;~nt l  wa~cr-arnnionii~m cyclcs is 
being investigated in the Sovict Union. USA. England 
and Poland. The IJritish Center in h4arcliwood rcportctl 
zt comprchcnsivc propt.alnlnc or builclilip-up of watcr- 
freon singlc-shaft turbo-units of 2000 h,l\V. This pro- 
gramme provides for an cxpcrimcntal water-frcon plant 
of about 2000 k W  with four cxpcrimcntal turbines. 
A design of a frcon-powcr plant wils dcvclopcd by 
the Institute of VNl l  Rcfrigcratory Industry. the 
project workcd out by Thcrmal Physics Insti t i~tc,  ' 
Siberian Branch. Ac. of Scicnccs. Thc  construction was 
realized by scvcral inclustrii~l enterprises of the Ministry 
of Chemical Machilie5 ; ~ n d  Mi~iistrv of t lcavy Machine 
Inclustry. Transport anrl I'onlcr i\~lacliit~c Intlustry. 

The tcsting of the tul.l,u unit was conducted at the 
machine-hall ol' tlic Shatilt. tiEl'l'-5 (I'igurc I) .  

The  results of the tests arc as follows. 

1 )  Opcrabilitv of the ~~t.oject  of frcon-cyclc plant 
and the basic cquillnlcnt of t!~c p l r ~ ~ ~ t :  cc.ntt.ifitga1 tilr- 
bine. system of controls, hcat transfer apparatus and 
scaled frcon rotary pumps. 

2 )  Testin? of tlic unit was not coniplctctl, as cx- 
pcctcd by the prograrnnic or testing,. No dutv tc5ts were 
made bccnusc ol' the lack or cuolin:: wiitcr of rcquircd 
temperature, which clid not pcrnlit one to conclurlc 
whctlicr this unit niccls cnpincc~.ing rcquircmc~lts. Thc  
tempcraturc of thc iricoming \\laIcl. in condenser was 
14-20 "C. I'cak p o \ \ , c ~  of tllc ~crminals  was 340 kCV. 

Thc  diagranls of q:,,l and << Gir >> discharge of thc S1~31111. 
testing programme arc listed bclo\v. 

3) The  analysis of tlic ohtainctl data allo\\;s olic 
to conclude that tut.l)inc po\tlcr and nominal opcratioti 
power approaches tlic dcsigtlctl one. 'l'lic accilr:lcy of 
coincidence of vil.titnl and tlcsipncd data niust bc clicck- 
ed in the tcst for llie nomilial operation of the y o -  
power plant. 

4) Some work :vas carried out to makc somc 
of tlic asscmblics niol-c r ~ l i a b l c  to cnsilrc ils normal 





APPENDIX 
for the hot-hoi~sc-gree~l-housc State farms. Opcration 
of this hot witter pipeline provides some valuable infor- 
mation for dc5igning hot watcr supply systems in the 
north of our country. The engineering utilization of 
the hot \rater (45°C) coolcd in turbo unit is efTcctcd by 
a systcm of soil-llcatinp of the hot-grccn houses, whilc 
circulating water heatcd in condcnscrs is applied for 
the plant watering. for Paratun'ka river water tempera- 
ture of 5 7 ° C  cannot be used for thcsc purposes. 

A view of the experimental station on the I'ara- 
tun'ka river is shown in Figure 3; in Figure 4 a view 
is drawn of the turbo unit and mechanical hall. The 
pumping station of circttlating water is in a separate 
house to scrvc simultaneously for watering of the green- 
house State farm. The wittcr-supply station is situated 
at the rivcr bank. hlaximum hot watcr discliargc to pro- 
vide for the plant needs is 280 m'/h, whilc cool watcr 

* dischargc is 1300 m'/h. 

FIG. 3. - Go~ercrl ttie~r* ol the Parotirrz'ks river ~cotherr71(11 
p o ~ ~ . c r  plarrt. 

' C, The construction had becn complctcd by Scptem- 
~ C P ,  1967. 

The start-up of the unit was effected by Novem- 
ber 4. 1967. 

a Testing of the unit was carried out by the Thcr- 
ma1 Physics Institute together with VNIl Refrigeratory 
Machincs in collaboration with thc Kaluga Turbinc 
Plant and Experinlcntal Plant of Hydraulic Mochincs. 

On starting u p  the plant in Junc-August, 1968, a 
programme of tcsting the plant was initiatcd. 

The object of a series of testing of the UEF 90105 
unit at thc experimental geothermal plant of the Ther- 
mal Physics Institute was: I) to check up the opera- 
bility of the unit at nominal regime under conditions 
of opcration. 2) to obtain external characteristics of the 
unit, i.e. correlation between the power of terminals 
and hot ivatcr discharge, 3) to confirm thr agreement 
between the res~tlts obtained and the data calculated. 
as anticipated from the projcct. 

A -68- 
Thc tcsts wcrc curricd 0111 in conditions other thi~ti 

* 

provided for by the design. tlot water tcn~pcratrlre = 
81°C agfiinst 90°C (given); cooli~lp wnlcr Lcliipcra- 
turc = 6-8"' against 5°C (given). 

Testing procedures svnclironizctl \vith tlic pcriod of 
thc hot watcr fields, which placed i~iltlitiu~ial dillic~11tic.s. 

During the tests, i l l 1  the svstctns atid units oycrutccl 
satisfactorily ensuring normal operation of the itnit. 
Compaction of thc frcon sy5tcrn wi~s  rcliitblc with lcuks 
being within thc calculated stand:t~ds. Syslcnis of con- 
trol and protection of tllc turbo unit cnsurcd its normal 
operation. Stuffing box ol' the L I ~ ~ I  cnsurcd scalitig 
of thc turbine both in opcriltiun antl 5tUp. Grcasc Icak 
through tlic stitlT did not cxcccil 3 rlroplctb per ~iliriutc 
The systcm of pressure rnaintcn:~ncc i l l  t l ~c  boiler was rc- 
liable. though pressure variations wc1.c a hit liiplicr than 
expected. We failed to acllicve the operation of auto- 
matic control systc111 of the fced-pun~ps bccaitsc ol' tho 

lack of rcliablc frcon nagc. T l ~ c  turbo unit is casy to - - 
operate. the st;rrt rtp and s to~p ing  of thc units is quitc 
simple. Power supply systcrn cnsurcd synchronization 
of the starting diesel and turncd out to be quite rcliirbic .;' 
under load. 

After 120 hours of operation. the unit was clicckcd 3 
up. The check indicrtted that machinr!ry starting up the ld 
turbine was in a satisfnctory sti~tc. the operating wlirel .. 4 
was in a perfect state. High clcterioratiotl of the unit 

, + 
nozzle was niarkcd. The Iartcr had I I C ~ L I ~  carlier at the 1 
timc of Shatur tcst progrntnmc. I)ctcrior:~tion of :he 5 

1 
vane ovcr its tliicl<ncss was 5-4.5 mtn. Tlie nature pf 2 

- "  deterioration indicittecl that i t  was doc to !hc shocking , 
action of thc droplets of uncvaporatcd freon. pcszihly ! 

due to some'clhcr rigid foreign bodics (rl-1st. sand o r  * ,'<I 
slag), Fluid drop!cts ant1 sclid pnrliclcs arc ejcctccl to- L' 'i 

gether with the gas to thc wheel. Gas pcnctrutcs to the 
discharge site of rhc rurbi~ie whilc solid particles and - 
droplets arc thrown away by the centrifugal force to 
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the nozzle. This results in dutermination and deflection 
of the existing rini of the nozzle. 

The ni:~in c x ~ c r n ~ ~ l  cliar:~ctcristic of the geothermal 
unit is its hot watcr discharge per unit powcr, 

In Figure 3 is shown an experimental curvc of the 
turbo unit power as a function of hot water discharge. 
The samt: diagram drawn in Figure 3 shows the curves 
of capacity when hot water tcnipcrnturc is between 
81°C and 90°C. The unit was designed for operation 
at hot watcr temperature of nbout 90°C. However, real 
temperature of thc Pnrotun'ka wells was betwccn 81 
and 81.5"C. Such tcnipcrature lowering rcsulted in 
higher hot watcr disclicrrgc. The pcuk attained at the 
terminals of the turbogcncrator was to be 680 kW for 
the given conditions of tests. Plottcd also is powcr self- 
discharge. This powcr is madc up of the of two 

freon feed pumps and two watcr pumps of 65 kW 
and 110 kW each. The test showcd that onc water pump 
ensures normal operation of the unit a\ designcd tem- 
perature of the cooling water, for condensers makc it 
possiblc to maintain ~ l i c  designcd pressure and temper- 
ature of conclcnsation. Thc tests of the scrics chcniical 
pumps have Jcmonstratcd that their virtual capacity 
did not excced 3Qt1b. When niorc elaborated punips of 
normal efttctc!icy wcrc applted, the seli-discharge power 
would reduce itself by twice thc amount. 

For one cooling water pump and two frcon putnps 
to operate, the self-discharge powcr is to be 240 kW. 
i.e. about the designed value. The jump in the self- 
discharge power shown i n  ~ l tc  diagram is due to the 
setting into uperation or the secor~tl freon pump. At 
given conditions of the test the unit withstood external 
load up to 450 klV. 

C..., .I lS~maI.1, b *  I 
L 

FIG;. 6. - ~cliribiitic c/lic.ir.rrcy u/  tlte titrho-titlit cis u \crrrctiorr 
01 electric. ,.olilcr itt rlrc gcrrcrtrtor tcrrrrirtcrls. E 

Figure 6 shows the change in thc cfficicncy of tkc 
stage of frcon turbinc dcpcnding on the powcr ut the 
terminals with a ncw nozzle dcvicc. As cspcctcd, the 
efficiency incrcascs monotonously with power and 680 
kW load attains 0.82. This atliilbntic value of the stage 
efficiency is lower than the designcd (?.,,I = 0.84) and 
higher when wc dcal with t l ~ c  kcatcd frcon viipours. 
Thus the cfficicncy vuluc obtained lor tlic turhinc stnge. 
being the first of the cxpcrimcntal Freon turhinc map * 
be regarded as satisfactory if  onc takcs into accottnr 
total lack of somewhat cxpcrimcnti~l drtta on sh:lping 
and designing of turbiric stages opcrutinp with frcon vu- 
pours. 

In Figure 7 arc drawn thc curvcs of tlic cliangc in 
the efficiency and cliscl~argc as it function of powcr Tor 
the turbine operating with new ant1 deteriorated nozzles. 
Listed also arc the expcrirncntal results of tlic tests 
shown in tlic control board of the S h a ~ u r  HEP. 

FIG. 7. - Corltp(trcttitw tlirtir o/ tire tirrho-irrrir in op~*rirliort titrrisr 
ilil[erent ccuiditbrls. 

and GH - ncw i111it 
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\\later discharpre in opcrn t ion  w i t h  n e w  a n d  de- 

tcr ioratc i l  nozzles is o l ~ i i o s t  the same. T h e  discl larpc 

repor ted d u r i n g  the p lan t  tests is e\trcn:cly h igh .  T h i s  

may be espla i r lcd b y  the fact that at the t in lc  of p l a n t  

tests thc u ~ i i t  \\.;IS opcr ; t t i~ ig  at  t l lc temperature of con-  

densation r l  = + 32°C ( I ,  = 15"C, designed) and. 

hence, n l u c h  lo \vcr  in tcn~pera t i t~ .e  d i l lerencc as com-  

pared  \\.it11 the clcsipncd one. 

Fro111 compar ison  of the curves of c l l ic icncy i t  m a y  

be concluded that they d o  n o t  d i l f c r  rrom each other .  

T h e  ef f ic iency values for p lan t  icsts arc  also m u c h  

l o ~ v e r  in c o n n c c t i o ~ i  w i t h  l;ighcr t cmpcra tu rc  of con-  

d tnsa t ion .  

\\'hen ;I dc tc r io ra tcd  nozz le w a s  used for l u r b i n c  
o p c r a t i o ~ i .  t l ic  c u r v e  of c l l ic icncy has s h o w n  i tself  a t  

m a s i m u m  f o r  t l ~ c  po\vcr  equa l  to  N = 430 kW. In 
th is  tax thc c l l ic icncy o f  = 0.805. T h e  sh i f t  in thc 

reg ion o f  h i g h c j t  c l l ic iency in th is  case m a y  be expla in-  

e d  b y  sn ia l l c~ .  straight .crus,-section of thc nozzle a n d  

sn ia l lc r  Ilo\\r c j cc t ion  i t ~ i g l c  d i l c  to  t l ic  bend i n  thc ex i t  

r i m s  of the nozzle vanes. 

Froni the sp r ing  of 1970  the cxpcr imentn l  gro- 
p o w e r  p lan t  h;~s hcc l i  opera t ing  in the n o r m a l  OpcriI- 

t i ona l  cond i t i ons  t o  nicct the rcqu i rcn icn ts  ul' the hot -  

green houses ol' the State l ' i ~ r ~ i i s  ~IIC! t l i c  vi l lage of th is  

A -70- 
rceion in p o w c r ,  h o t  wnccr a n d  i r r i ga ted  wate r  supp ly .  

At t l i c  same t i l i ic  the tests ol' a l l  t l i c r ~ i i a l  a n d  cr ig inccr ing 
systcnls; c0nlplc.s o f  the r i v e r  I ' i ~ ~ . a t u t i ' k a  \\.ill b e  car r ied  

o u t  a n d  h o t  w a t e r  u t i l i z a t i o n  a; w c l l .  
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MEMORANDUM 

TO: J .  N .  Shearer 

FROM: L.  F.  Wouters 

SUBJECT: shallow Pond Test Faci l i ty  - Technical Issues 

I t  may be useful to  br ief ly  review some of the technical aspects of a 
Shallow Pond Solar Power System, to  which a small t e s t  f a c i l i t y  would be addressed. 
As Arnold Clark recently pointed out,  there are  two broad demonstration issues: 

1. Economic v iabi l i ty :  Can i t  rea l ly  be bu i l t  cheaply ? Are the means 
of embodiment suf f ic ien t ly  s table  and re l iab le  ? How long will the p las t ic  

l a s t  ? 

2. Technical v iab i l i ty :  Wi.11 i t  work from a thermal standpoint ? 

"Of course the water will get hot" - Really ? How hot ? Nil1 i t  heat a t  
a ra te  within range of expectations and wil l  i t  a t t a in  a corresponding equilibrium 
temperature ? Will t h i r e  be i n  f a c t ,  a perceptible and recoverable excess of 
thermal energy over tha t  l o s t  by leakage through the plastic-layered blanket ? 

Can we show tha t  we know how to  predict these features ,  fo r  larger "extrapolatfons" ? 

.The issue of technical vi:abil i ty may be fur ther  embroidered by 
recognizing tha t  p las t ic  sheet materials have - not been used i n  t h i s  par t icular  
configuration or  app1,ication. There a re  a number of quantitative uncertainties 
w i t h  respect to thermal performance in a shallow pond scheme. For example, 

the appropriate parameters fo r  infra-red emissivity are  only roughly known. 
We thus need r e a l i s t i c  " t e s t  bench" numbers from which to  determine such parameters 
in general, for  these materials,  geometries and thermal conditions. 
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The c e n t r a l  t echn ica l  argument can be developed f rom the  f o l l o w i n g  

simple, f i r s t - o r d e r  time-dependent desc r ip t i on .  Consider j u s t  t he  requirement 

o f  energy conservat ion:  The So lar  f l u x  i n p u t  t o  a rep resen ta t i ve  Pond area i s  

shared between s p e c i f i c  heat  (as a heat ing  r a t e ) ,  thermal leakage through 

the  b lanket ,  and power removed as work o r  heat o r  "something": 

As an i n i t i a l  case, I assume a l i n e a r  leakage term: 

and pu t  a l l  t he  So la r  f l u x  i n t o  heat ing  the  water ( W  = 0): 

qC expresses the  photon capture e f f i c i e n c y  o f  t he  pond con f i gu ra t i on ;  

d i s  the  pond depth, and a i s  e f f e c t i v e l y  a c l a s s i c a l  thermal t r a n s f e r  c o e f f i c i e n t .  

(E.g., BTUIsq ft h r  OF or 'ca ls /cm2 sec OC.) 

This  i s  a t r a d i t i o n a l  problem: 

w i t h :  u = T-To (To being the  i n i t i a l  temeprature) 

a = +  
(de f in ing  a c h a r a c t e r i s t i c  t ime l / a )  

The water temperature behaves as i n  F ig .  1. The p a r t i c u l a r  a n a l y t i c  

case shown here i s  a 1 cm deep water l a y e r ,  w i t h  th ree  spaced p l a s t i c  sheets; 

the  corresponding leakage c o e f f i c i e n t  va lue i s  a = 6.0 x cals/cm2 sec O C ,  

and the  capture e f f i c i e n c y  i s  qc = .57. 

Next, consider  t he  steady s t a t e  s i t u a t i o n :  

q $ = a u + W  
C 

I n  terms o f  ex t rac ted  heat:  

Obviously,  i n  a "successfu l '  pond scheme, au < qc@. I n  p a r t i c u l a r ,  unless we 

take ou t  a q u a n t i t y  W, Ts w i l l  reach the  b o i l i n g  p o i n t ,  and W w i l l  then appear 

as l a t e n t  heat.  So i n  a r e a l  t e s t ,  we w i l l  have t o  ' ' t u rn  on the coo l ing" ,  

so t o  speak, a t  a safe p o i n t ,  as a l s o  shown'i'n F ig .  1. But i . t  may be useful  t o  

a l so  run a "des t ruc t i on  t e s t "  j u s t  t o  see how bad t h a t  might  get.  
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From a t e s t  Pond standpoint ,  t he re  a re  then these noteworthy fea tu res  

which deserve q u a n t i t a t i v e  experimental  eva lua t ion :  

dT qc@ The i n i t i a l  hea t i ng  r a t e :  (m)o = q d  = .010 'C/sec 

'c@ + To = 190 O C  The e q u i l f b r i u m  temperature: T 2  = -. a 

PC. 
The thermal t ime constant :  -r = -!? d = 4 hours 

a 

The water  depth behavior  (d ) ,  

The t r u n c a t i o n  t o  a s teady-state s i t u a t i o n  by i n t r o d u c i n g  a r e a l ,  

compet i t i ve ,  thermal s i n k  W, 

The So lar  f l u x  o r  photon capture e f f i c i e n c y  qc: T h i s  i s  a somewhat compl icated 

term; i t  i s  dominated by the  Fresnel r e f l e c t i o n  l oss  and i t s  dependence on So la r  

mer id ian angle. Exper imenta l ly ,  i t  i s  thus s e n s i t i v e  t o  the  sheet ma te r i a l s ,  t o  

t he  number o f  l aye rs ,  and t o  t h e  d a i l y  excurs ion  o f  t he  Sun. It should be 

r e l a t i v e l y  temperature-independent. A v e r i f i c a t i o n  o f  i t s  a n a l y t i c  model i s  

always i n  order .  The number used above i s  taken f rom t h e  "Solar  Shallow Pond 

Ana lys is " ,  and i t  corresponds t o  Equ inoc t ia l  High Noon i n  Arizona. 
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The a dependence: This i s  another complicated term. I t  includes 

conduction, convection and rad ia t i on  t ransfer .  Again the number used here i s 

taken from the Pond Analysis. The assumption o f ,  a l i n e a r  leakage (w i t h  temperature). 

i s  su rp r i s i ng l y  good, as shown i n  Fig.  2. The Pond Analysis suggests a s l i g h t l y  

concave behavior, as a lso shown there. This i s  i n t u i t i v e l y  reasonable, i n  the 

1 i g h t  o f  the known non- l inear behavlor o f  convection and rad ia t ion .  The r a d i a t i o n  

characterl 'zat ion for  the p l a s t i c  sheets, as used i n  the Analysis, i s  . that  o f  a 

"mediocre black-body". That a lso needs numbers. Note t h i s  comparison ( a t  95OC): 

Blanket conduction 3.5 x l o - "  ca l  /cm2 sec 

Convection 15.5 x l o - "  
Radiat ion 18 x 1 0 - "  

Earth conduction 3.5 x lo - "  
Tota l  1 ea kage 4 x cal/cm2 sec 

Sol a r  inpu t  14 x 10-3 

There are several ways t o  t e s t  a: Number o f  sheets, steady-state temperature 

(1 iteral l y - p l o t  the curve by changing W )  , change the f i  11 i n g  gas (exper imental ly  
permissib le) .  It should no t  be sens i t i ve  t o  sheet spacing. 

I should not  claim, even by inference, t h a t  some small t e s t  ponds 

w i l l '  g ive us a1 1 the precise numbers one w i l l  ever need. I suspect t h a t  there 

w i l l  be puzzles t o  unravel here, and then again d i f f e r e n t  puzzles when one 

scales up t o  p i l o t  s ize.  But t h i s  discussion'does ind ica te  t h a t  they have a 

quan t i ta t i ve  purpose beyond the mere q u a l i t a t i v e  demonstration o f  heating water. 

There's one n ice  t h i n g  about these "Shallow Pond-lets" from an 

experimental standpoint:  The i r  t ime constant i s  shor t  enough t h a t  you don ' t  . 
have t o  stand around a l l  month t o  get  some data. 

P . S . :  Don' t  be deceived by the "t ime constant" above. (4 hours) That i s  not 
the thermal response ti:rne i n  a system appl ica t ion.  The thermuclynamic' 

loop i s  so sens i t i ve  t o  thermal excursions, t h a t  the e f fec t i ve  system time 

constant i s  o f  the order of 15 minutes. 
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F i g .  1 Pond heating function 
(1 cm water layer,  constant Sun) 
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F i g .  2 The Leakage Function 
L = a(T - T o )  
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