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Abstrace

3
for the eabcdizent. of cozmercially feasible dorton-
ing processes to recover energy froa, and sizul-
taneously ainizize the environzental impact of, hot
industrial efflueats. The approach would cale pol-
lution abdatezent =oTe ecinonmicaily attractive,
yielding, clean, low zexmperature flue gases while
recovering a large porticn of their therzal energy
as electricity. The technoiogy orens the use of
lower quality fuels without fear of air poliutien
caused by their fiue gases., Scrubbing would clean
and cool the zases, vielding a hot fluid which
after proper treatzent would serve as the working
fluid for ocen cycle systess using aghient air ag
the hest siuk.

. Preparatory to demanstrating the Foam Energy
‘Recovery Ogen Cycle Systen (FEROCS) at a 1 My -

10 MW scale, 2 structurcal design was iniziated for

& unit 382 €t high visualized as an invertved, verz-
ical, reinforced concrece U tude of 36 fr 1.D. and

walls 11 in. thick. The structure is feasible

Open-cycle OTZC technology suggests new ccacepts
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the envirenzental izgadt of hot flue zases froa
fossil fuel fired furnaces. The approach would

‘zake their pollution adatemeat =ore eccnoaically
attractive yielding '"clezn, low-tezperacure” flue
gases while recovering a sigmnificant portica of
their ther2al energy as electricity. The ease
vith which the exbodizment of che idea appears o
be applicabie would open for use lgwer quality
fossil fuels, for exanple those of higher ash angd

higher sulfur content, ~without the fear of the
air poliution caused by zheir flue jases., A relsz-

u

tively sizple scrubbing stes in preperiv modified
cozzerciaily availatle jcruShing “towers wauld
viean and cool the zases, vielding a hot liguid
which after proper. cleaning would serve as the
working fluid for open cycle systess using azhient
a3it as the heat sink. :

The foaa DTECll systea zakes testing of this - e ©
concept possidble., The concepr could be aorlicable
just as well in a foin tover o raise the -oten-
tial energv of the s<Tus=ine fiusd or in
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based on present construction practices with rein. vergent-diverTeat nuslié (0 1ncrease the Eg ig .
. forced coacrete in Puerto Rico. It would cost energy of the fcan O aS3ve a water wheel e ] :& .
- approxizately $1.4 M3 and consuse 3,890 yds? of wouikd érive a generalor, tﬁ fE gf‘ -
concrete and 8§60 tons of reinforszing steel, Contrary to the OTtC schece which visualizes ol 15 @
To accelerate the dezcnstration of FERGCS, it using the ocean surface waters as the heatr scurce et [0 @
is proposed to wtilize artificially createc tezpera- and the ocean deesp waiers as the heat sink, the ) ﬁ;__.
ture differences that can be readily ohtained be- approach described here visualizes utiiizing the fid ;g 73
tween induztrial thermal efflueats, for exanple hot flue gases frem fossil fuel fired furmaces <z Py :;
flue gases at > 230°F £rea fossil fuel fired stean and ozher industrial thermal 2fSluents as the heat = e
generating plants, as the heat source and ampient scurce and at=Csphaflc alr a5 Che neat sink by the S ’
air as the heat sink. use of judiciously selected scrusbing Fluids with ~ @ .
Results are presented of a study oade concep- presently known direct contact scrubbing and heat RS-
. tualizing the process using different scrubbing- transfer technology, S = RO - i
working fluids. - A potential scrubbing fluid could be plain water. ¢ e & !
. But, higher-boiling organic liquids ot oils will i = o
: Introductien -probably pernit hizher energy recovery rates. i B I
- N Glycols or other high-boiling liquids liks sili- al 1 {9 a2 )
*  The technology being develoged for the ogen cone oils and high boiling plastizicers zight o Clag
‘eycle OTEC sysicens open new fields for the exbodi- serve the purpose just as well if not better than | g @ 12 5 !
ment of cozzercially feasible arocesses to re- waler-in the presence of szall acounts 9f water = Pl P T
cover electric energy and sizultaneously =minizize to help the foacing, cooling tower cperations and = < 2; & _e
ST T T T s e m e - -the sejaration of the phzses. B823ause of zhe . i~ L ;_;?,‘
= nature of the scrubbing-oren crecle working fluids £ e fo Mo
TProfessor of Chesical Engineering, University cf being considered, and the tezperatuTe leveis of the Ei g2e i%
2482z~ Puesta Ricq i2vagues Campus, and Visiting Frofessor  Process in addition to the foreign satter shas : .
‘ _of Crexizal Engineering at Camnegie-Meslen Uriver- tge fluids will tend o accuzulats, it is deubeful )
sity,- 2032 79 . — that it will be necessary to use a non-candznsable
i ‘gas and detergents to help gensrate the fozn mecas-
riversity Profsssor, Carnegie-Mzllen University, sary to souple the viapour and liguid shases 2sge-
“en - cially in cenvergent divergent rozzles. .
. Professor and Hezd, Cheaica! Snzineering Doparz- Fig. 1 shaws the ¢mbedizent of the process. ’
eeat, Cirmegie-dellen University. ’
. Description of the Procass
b
M professor and Head, Civil Enginecring Oepartment, The followi s . -
‘liversity of Pucrto Rico, Miyaguez Caspus. fe following description refers ciinly to the : :
) recovery of energy fron het flue gases. The can- . .
M icensed Serusturat Eagizeers, San Jusn, Puesto cemt is equally applicable ta other therzal efflu- ' ..
- .. Rieo, Uziversity of Puerto Eico,'M:yague: é&:pus. enes. The princigal chinge would be in Unit F’ . S
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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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svhere the waste energy is transferred, preferably
by direct contact, to the open cycle scrubbing-
sorking fluid. :

Unit I

A scrubbing/cooling tower where the hot flue
gases Fgy will te scrubbed of solid particles,
sulfur and NO, compounds and cooled to approxi-
mately 95°F - 100°F. The temperature of Fpp wiil
range upward from approximately 250°F dependin
upon the anowt of sulfur in the fuel. Higher
sulfur contents will call for higher Fp; teapera-
tures to prevent corrosion of the preheaters and
econoaizers of the fossil fuel fired furnaces be-
cause of condensaticn of H-S03 and HaS0;. Fig
will leave the tcwet at 95%F ° 100°F "cleansed of

. sulfur, XOy, compounds and solid particles’ con-

- taining-sone water and a-szall amount of orzanic
scrubbing liquid. The scrubbing azent Fgy, plain
water or higher-boiling liquids of the most ther-
mally stable kinds, will enter the top of Unit 1
in a fashion counter-current to the flue gases
and collect .at the tower basin as a licuid at
212°F if water, or higher temperatures if higher
boiling fluids are used. The flow F1p will coa-

¢ tain the solid particles, H3SQ3, H1SQ; and some
of the NO; coapounds,
up streacs.

*

Uit 2

eozpcunds, solid particles and possibly N0y es=-
pounds by sedizentation, filtration or a zecsobiza-
“tion wich other procedures. Fag could be treated
to recover the hign tecperature scrubbing fluids.

- Unit 3

This unit could be 2 foas tower to utilize the

enthalpy released frgz Fo3 to raise the licuid,
thereby increasing its poteasial ensrzy. The
raised liquid is used 2o drive the water vheel -
Unit 6 to zove an electric generatsr., Umit 3
could also be a convergent-divergent nazzle to
“flash” the working fluid into a foa= and utilize
the enthalpy released froa F33 to accelerate the
foan and increase its khinetic erergy, wnaich could
- be used to drive the water wheel-generator, Unit
~ 6. The foam density is zuch higher than the

)
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Fps] and Fgsq4 will be make

A systeo used to treat F12 to recove the sulfur

.
-

density of vapor so the size of the equip- -
Sent will he greatly reluced from the large
dlameters beilng considered at ere2sent fer

the Claude-Yestinghcuse OTEC System.<,3

This technology 1s available,

0

Unit & '

A direct contac: scray condenser operat- ’ : n
ing at 95°F - 100°F barczetric leg. . .
Gait 3 : C - St

A coolling tovwer to serve 2s nsat sialk.
feg will leave 2% $3°F - 100°F saturatad -
with water znd =inute amaunts of the Rhigh- -
toiling worzing fluic used,AFQ; will b
air. Tu-- will be cooled bty the evaporaticn
of the witer. N :

Energy Recovary 2?stentinl
Case 1
-Basis. Low sulfur ccnceat licuid fossil
fuel Tired steam gen2ratling plant sf 3304

Steam cycle and tursine efficiensy of 37s.

Boller efficiency of 252,

Flue gases at 280°7,

Thermal enerzy content of o1
by .

- (500) . (1) .

57 T (.18) = 220 ¥ Heat

BhT

transferred to Ts
a "hizh boiling"
ed as an open cycle wo

(280 -~ 935)
260
(assuming the Cp of
the gases remaln
ess=ntiz2lly

constant)

= 185.4 MW Heat

working fluid is

ggsrgy avallable in 7 PSS

B,y = 181 M Heat Thene e
T = 230°y%
ra3
P ¢ser
Ti5 .
B ) ™ -~
£rr Erensased.. S 8772y
cycle i
. Ecatned CaAT
) = -135-_‘ = 125 Tl el
2(740) T
A recavery of 5C5 of cycle 45 an
. extrezely conservz=ive value. B
3 . 3 :
LN (1%1)(.125)(.50) . . . .
= 8.8 W ‘ R ot
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which is equivalent to a recovery of h! of

the flue gas waste energy
erease in the over-all zene
city of the power plan:z.

The results become more atiractive in
the case of powver. p‘an.s burning coal- as
Case 2 shows.

or a 1.3% in-
rating capa-

Case 2
Basls. Coal {ired stean zenerating
power plant of 10GJ .

Steam cyzle and “u*b‘ﬁe‘effi:lency of 37%
Boller effiztancy of 3033,
Plue gases-at -300°F

Total ena2rgy conteat or o1

(1000) (1)
Bor * 3 (-20) = §13 3 Eeas
Beat transferred to T3y at Unlt 1

Al
by
= 548,75 W Heat

E 2" 675 (500): 95) -

£ transferred = 812

Energy availadle in F23.
31 YA

Exy = 3
2823°F

TFa3 =

Heat

Toys = 95°F

- e
—— el
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. %

280 - 95

ECT
' _2(74)

= .12
cycle 3

50% cycle,

(.125)(.50)

Assuaing a recovery of

Erecavered '-(531)

e 23.2 MW

for a recovery ejuivalenz to
flue zas waste anergy ¢ 3

in the ovnr-a-l g2ner2:ting
power planz. Th
tained with 3
fluld xish 2 th
that lizits the
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garrat!ng :apacxtv af the power pI;n». This
would most probadly cake the pollution adatezent
of the flue gases Zcre econonically attractive,
Alsa, it would open for use the lower quality
fossil fuels, those with higher sulfur and ash
contents, with less fear of the impact of their
hot flue gases upen the eavirenment.

Table 1 zives an idca of the econozics in-

volved especially in Puerto Rico.
i l
§ Tadle 1
| i
\
onnsn OF MAGNTTUDE OF VENTURE ECONOMICS
\ NHEN APPLIED TO FLUE GASES OF A
. $00 MW THERMDELECTRIC FCWER PLANT
) ) o *re
Investment/kw Investaent C°S;:°€ $ Sales
. - hr.
. 04
s _ $ $ s
250 2.49 49.8 696
soo 4,97 99.4 656
750 7.46 149.0 696
1000 9.9 249.0 ‘696
1500 14.90 ) 298.0 696
" 2000 19.90 398.0 696

*Interest and finance- related factors °
hr - § invested.

¢*In Puerto Rico at $.07/kwh.

s $2 x 107 /

The results made it highly desirable tc obtain

& cost estimate of the structure required to ap-
-ply the technology of the Foam OTEC systeal as a
" bottoming cycle for a fossil fuel fired stean
generating power plant. Since all the experizen-
tal work until now has dealt with convertingz

the enthalpy released during the controlled
flashing operation into porential energr it was
deezed zost proper to obtain the cost estinste
_for a foan tower,

A second study will be done soon to obtain a
‘cost estimate of the structure required to ap-
:ply the technology of the Foaa OTEC system to

the recovery of enerzy froa low grade sources
.via convergent-divergent noz:les.

Design of the Foan Tower

K The design of the fcaa tower was initiated as
ia step preparatory to dexzonstrating the Foam OTEC
. systea in Puerto Rico at a scale of 1 MJ, The
.size-up of the str;::u'c was based on inicial

: experimenzal Tesults? which indicated a pawer

. generacing deasity or capacity of 1 KW per scuare
- foot of foix gemerating cross-secticnal aTes when
" operated at tezperature difrerences of ~ 12°C be-

v,

. twveen the £3a3 gencrator and the condenser. At
- these conditicns the foanm wculd rise ~ 320 f¢

. where
¢« vapor

it would be broien and scparated into its
and liquid phasecs., The vapor would coa-
‘ tinue down to the condenser and the licuid to a
; surge tank froa which it would go 20 a water tur-
'bine to drive an electric generator. In August

. 1976 it was re-lx zed that the supplv of the cold
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Tvdeeplocesn water was years in the future. This
realization dictated the need for artificially
created tezperature differences readily obtain-
able in the island, at the reguired water flow
rates. These requireaents fixed the site necar
one of the liquid fossil-fuel fired steaz gener-
ating plants by the ocean, Such a site would
provide process stean and anbient ocein water to
create the tezperature differences needed.

Since the imit was to bs the tallest rein-
forced concrete structure in the island, the
design was to incorporate all safety factors,
especially seisaic stresses. Fig. 2, Fig. 3 and
Fig. 4 arply justify this desizn criteria.

Fig. 2 shows the topograzhy of the ocean floor
around Puerto Rico™ showing the island te be the
crest of a very steep mountain cmore than S0C0
meters high.

Fig. 3 shows the locarion of earthquakes rela-
tive to Puerzo Rico.

Fig. 4 shows the frequency of earthquakes that
have affected Puerto Rico since 1915,
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In essence, the unit consisted of a structure
380 €t high visualized as an_ inverted, vertical,
reinforced concrete U tube of 36 £z [. D. and
walls 11 in thick. A water storage tank (surge
tank) with 3 capacity of ~ 60,000 zals. was lo-
cated at the top between the two vertical cylin-
c&-s Y drical at a height of 333 ft froa srownd level.

. Fig. S shows the elevaticn of the Foas Tower.
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The structure is feasible based on prescnt con~
struction practices with reinforccd concrete in
Puerto Rico and would cost approxicately §1.44 3,
consume 35,800 yds.? of ccncrete and $60 tens of
reintorcing steel for a construction cost of
~ §372/vd3 of concrete and a capital investment
of ~ $1440/KW. The high investzent per wnit of
power is a reflection of ché-hcavy réinfarcenent
Tequired to withstand the scismic stressss and
the low power density achieved from the low &T
of OTEC which we were initially tryving to sizu-
late. But, the applicatzica of the controlled
foanm flashing concept ta the recovery of waste
energy, or from flue gases, would be done at _
such larger AT which will result in a marled ja-

" erease of the power geagrated per unit cross

sectional area for~foia Feneration.: This will
zost probably place the investzent/KW at a very
attractive level in Table 1. '

« Summary

Ap>lication of the open cvcle OTEC technoiogy
to the recovery of energv froa poor tharmal
sources appears to be rfeasible. The concep: pro-
posed in this report would:

© Pernit the use of the clieaper fuels with-
out the fear of the enviroazental izpact
of their flue gases.

© Facilitate pollution abatement of tne flue
gases from fossile fuel fired Eurnaces.

- © Eliminate the need for expeasive, lined,
. tall sacke stacks.

© Result in the recnvery of at least 5% of
the energy presently lest in flue gases
and/or augment the power output of steam-
electric generating stations by at leasc
2%. .

© Recover a large azowt of energy froam poor
thermal sources.

Conﬁetgcnt-divergent nos:les appear to be
more desirable than foam tower for the coatrolled
foan flashing of the scrubbing-open cycle working
fluids because of the cuch higher initial zeszera-
tures than originally eavisioned for the Foaa
OTEC system demonstration. ;

Acknewledgments

This work was supported in part by DCE Con-
tract No. EG-77-73-5-02-4439.4000. Inquiries
about the structural desigs of the feaz tower
should be addressed to Dr. M. Samtiago-lelancez,
Professor and Head, Department of Civil Eaginesr-
ing, Uhiversity of Puerto Rico, Mayaguez, Puerto
Rico 00708.

LY
. Bibliograshy
1. C. Zener, et al, "FOAM OTEC SYSTEV NOTES™'
Contract No. E.G, - 77-5-02-14459.A000
August.22, 1977. .

OTEC ALTERNATE PO-ER
SYSTEAMS STUDY" -Contract No £G-77-C-05-14753,
Qctober 1, 1978,




4 ;'l‘- k' ‘e .~.\ . ".'. ."\. . N
K @ ‘ . . :
- ‘e- ¢ - M
LN ‘.
3. OAX PIDGE NATIONAL LASORATORY, "“REFORT OF THE .
- PROCEEDINGS OF THE OTEC ALTZANATE CVCLES |
CONTRACTORS ' INFORMATION ENCHANGE \EETING™. ‘
CONF - 780934 Decezber 197§. o °
4. Georg Wuse, "STRATIFICATION AND CIRCULATION ) \
. IN THE ANTILLEAN ~ CARISSEAN BASIN" CoLLMBIA, i
INIVERSITY PRISS, 1964, _ '
. : AR \ -
S A. Derkiureghian A LINT SOURCE MOCEL' FOR t ’
SEISMIC RISK ANALYSIS' XSF Report UILU - i
ENG.75-20-23, 1975, | :
. i
1) -
s
i
3
P
L)
- LN




