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Figure 1. Ammonia-Water Power Cycle 
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Figure 2. Simple Regenerative Steam Power Cycle 



UNCL ASS F IE 0 
Dwg. 20635 

1 26 I I 1 I 1 I 1 I I 

STEAM POWER CYCLE IFFlClENClES 
SUPERHEATED 30* 

-- - T S = ,  -----------I- TWO FEEWATER HEXERS 

----am-- 

W. OF AMMONiA-WER POWER CYCtE 

MIU ABSORBER TEMP. OF tO@F 
SAT. VAPOR TO TURBfME) 
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Figure 3. Effect of Boiler Temperature on Net Thermal Efficiency 
in Ammonia-Water and Conventional Saturated Steam Power 
Cycle 
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CONCENTRATION OF NH, IN BOIL.€R FEED (IbsNt$/lb) 

Figure 4. E f f e c t  of Ammonia Concentretion on N e t  Thermal Efficiency 
of Amcmis-Water Power Cycle 



exhaust conaitfions iB 21.4 percent without regeneration, ana 22.5 percent w i t h  

two open feedwater heaters- 

the ~ame overall temperature l i m i t s ,  would have an efficiency of 22.9 percent 

A steam cycle with 30°F mparheat, but maintaining 

fluid in which water l e  the more volatfle coqmneat, 
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Figure 6 .  Ammonia-Water Power Cycle (Case I, II and 111) 

Table Z 

Properties of S t r ; t e  Points i n  A n  4mmonia-V.eter 
Power Cycle 

S t a t e  - 8 c o n d i t i o n  W - P o i n t  - 1 -  t h 

1 300 248 
2 4 4  119 10 
2 '  *+. 125 10 
3 100 10 
4 296 248 
4 '  300 248 
5 330 248 
6 110 10 

s4 Values asaume t u r b i n e  e f f i c i e n c y  of 130% 
#*Values assume t u r b i n e  e f f i c i e n c y  of  80% 

799 
584 
627 

6 
24 2 
249 
300 

35 

0,748 
0.748 
0.748 
0,200 
0.200 
0 200 
0,134 
0.1s4 

1.313 s a t .  v a p o r ,  x = 100% 
1 313 
1.385 
0.115 s e t .  l i q u i d  
0 0 467 sursooled l i q u i d  
0.474 sqt, 1lquI.d 
3.523 sat. l i q u i d  
3.142 suqcooled l l q u i d  

w e t  mixture,  x = a4.8$ 
wet mixture, x = 89.4% 

Assumed Condit ions:  

1 lb f low to the 
w = w  = w  
f3 fl f4 
t6 = tg 4. 

100 

t u r b l n e  t h r o t t l e  ; m = 9.3 l b s  
tl = t5 - 30O ( e x c e p t  a t  l o w  va lues  of w )  

t3 = min. of 100 OF, or, x2 2 83.5% 
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down through the upcoming satmated vapor gives up a m o n b  BB it increases Fn 

temperature. A perfect analyzer l e  a ~ ~ m e d ,  wherein the  vapor leaving is st 

equilibrium concentration with the saturated strung liquor ( 4 * )  and the cas- 

ca ing  liquor leaves the a s t ~ b l y z e r  h eipflibriam with the vapor leavlng the 

'boiler, and is thuq at weak  liquor conditions (5 ) .  

A terminal difTerence 09 10°F has been aalsumed masonable fo r  the heat 

exchanger (t6 = t3 t lo), and this aseuxgt%m has been used throughout 

this study. 

between the strong ELnd weak liquor has been laaint;sained at 30°F, except in the 

cases where the weak liquor concentrstictn is less than 0.10 lba HE3 per Jlb. 

In t h i s  region the difference must be Xes8 than 30'F 19 equilfbrium is to 

exist in the boiler and analyzere 

Tba dif"Eerence in equilibrium temperature at boiler pressure 

The absorber is assumed to be cooled witb water at 75OF, and on as- 

sumption of reasonable At's, I rnfahmn attetfnable absorber temperature of 

100°F hae been asplumed throughout this studyd 3i.i the cases where an sssurned 

mlnhw pe37fnfSBible QUality of the  W& W l X k W  h the tU1*'birll& eS&ua% 5s 

taken as the l i m i t i n g  factor, the absorber temperratma m y  exceed 100'F. 

?The problem of erosion by moisture i.u t h e  low-pressure blading of a 

steam turbine is we11 known. In the cases *em 100 percenk turbine efficiency 
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except at low ammunira concentrations, because at atsong liquor concentrations 

greater than about Oo10 the exhaust end p o h t  $3 f ixed by the lO@F m i n i a m  ab- 

sorber tempemture md the moisture fra the exhaust 2s we11 below the allowable 

amount. 
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cases the efficiency of' the stearn system is  enough greater 

errors i n  the W~nmnis-wa.t;ar cycle efficiency f r o m  &&?.ghg 

clusions pr@s@Mted in thts repork, 

to prevent m a l l  

the overall con- 

Determination of the turbine exhaust conaitions presented the greatest 

d u f i c u l t y  in making the calculations because $he Btate point fn the exl.le;ust 

is fixed by seversf variables not easily equatedo 

were wadb The tu rb ine  exhaust pressure m t  Be tMt estabIZ&ed 7oy the 

desired concentration and temperature i n  the 'bottaan a2 the absorber and, at 

the 8eme time, the exhaust tenperatme must satlrsf'y the reguirwent 09 con- 

Trllerl and error methods 

stant entropy expaanElion to the exh&.uit pressureo 

centration in %he flow through the tur'bine irs eonstant, the vapor becomes richer 

In waurxta &B We quality &creasese 

Even %how& the overall con- 

!ibo BWferent sitwntSons we= presented, (1) when the minimum p e m i m i b l e  

quali%y of turbine exbust establish& the en& point of %he expaasion p r o c t ~ ~ ~  

and (2) when the misi3num absorber teqemture: of 100°F controlled the end point. 

It was Somd that the quality controlled at Em concentration@ arid the absorber 

tempemture at  the higher values (over O o l O ) .  

"he gaera l  procedure followed in ca lcu la t iw the net the-1 efficiency 
0 of the ss399onia-mter cycle, w i t h  100 fp mi.nimm absorber temperature controlling, 

is briefly as fonoaas: On rassumeng the strung lfiquor concentration entering 

the boiler and -the mxhm boiler %~?npm%we t o  be investigated, the entropy 

and concentration of the saturate& =pur entering the turbine: were obtained 

frorn the properties. ~t ZOOOF and the kiwm concentration of strong liquor 

the exhaerst presmwe w m  taken from the properties. 

tempemtms was than assuxoed whf& w i t h  the hewn 

A 
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and, 

then 

also 

+ a  
$2 

m =  (0.748 - 00X341 
70.20 - 00134) 

m = 9.3 lbs/lb through the turbine 

By making et heat balance of the heat exchanger 



h4 = 242 Btu/lb 

From a heat; balance! of the boiler a d  analyzer 

The net work of the cycle is then 

and the net thermal efficiency of the cycle is 

Conditions : 

same as for case 13: except twt a turbine efficisncx of 80 
pereent is assumed. The turbine exb~ust condition 98 thexe- 
fore changed W is ~e?pxeeented by pointi 2' in Figures 6 and 
7- 
sorber pressure, overall concentration, and the entblpy. 

The properties o f  t h i s  &ate powt axe fixed bx the ab- 

F m m  the property b L S  with, p2t = 10 pia, w = 00748, turbine 

effkiency = 80 percentp known, 
2' 
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h2* = 

Bow graphically from 

1st ions, 

The, gross turbine work is then, 

W;c = 0.8 (ideal work) os hl - $* 

Wt = 0.8 (215) = 172 Btu 

Aa the pump work is the mme as in 11, the net tusbtne work is, 

* 172 - 7 fi  1.65 wP 
w = fiat- 

As Qe, is also the game aa in ease 11, the net the& efficiency is 

then 
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Cc Cmes Studied i n  the Ammonia-Water Power Cycle 

33 order to determine whether or not any circumstances might exis t  wherein 

the thermal efficiency of the axmionfa-water cycle would be significantly greater 

than that of a conventional steam cycle operating under canparable cunditions, 

the following case8 were selected far study: 

Case lo Effect of boiler temperature Q S ~  t h e m 1  efficiency, assunning 100 .._ 
percent turbine efficiency-. Following Carno%*s principle, the themtal ef- 

Slc i enq  shotild increase with boiler tetmpemture, but it is conceivable that 

the ammonia-wzkter system m t & t  have better characterfstics in this mqect and 

might at sme range of temperatures give bt%,er eflicieneies. For simplicity, 

8 turbine efficiency of 100 percent was assturiesl. 

Case fle Effect of concentration of &wrmnia in the system on thermal 

efficiency, assmirig LOO percent turbine efficiency, The hfgbr effPciency 

of the pure water qstem over that of a pure amgzonia systen was illustrated 

on the T-s plane (F igwe  5 ) ,  but the qmstion arises as to whether there is 

some? optimbtgt concentration i n  between theat  will &ford bekter ef'ffcfencfes 

than for the pure substancee 

Case I T I .  Effect of actual ttusbfne e f f i c i a n q  on the thermal efficiency 

of the cycle. 

value which approxirmltes that ~l most turbines now in operation, the ex- 

pms90n can proceed to a lower preosure and temperatwe before the lwt- 
mount of auistum is rea;cheCio AL.f;ha@ %his effect hrps a h a &  been tgken 

into account by permitking 16*5 percent moisture for the 100 percent-efficient 

turhine as campred to 12 percent for the actual twbLneJ it was realized 

that the amumnia-water system, and the  s t e m  system &ght respond differently 

t o  the intzaductiors to th id  variable. 

If an actual turbine efficiency of 80 percent is assumed, a 
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Case I"* Effect of the analyzer i n  the ammonia-water power cycle on 

the thermal efficiency, assuming, 80 percent turbine ef'flciency, If' the aria- 

lyzer were not used i n  the cycle, the vapor supplfed to the. turbine would be 

3U°F hottar (but at lower concentration), indicating a poseribility that the 

cycle would ham a better thermal efficiency without i t s  use. 

Case V. EfYect of superheating tihe npor from the analyzes, erssuazing 

80 percent tupbine efficiency* Since the admntage of superheat i n  ti con- 

ventional s t e m  qcle 5s that the turbine expamion can proceed to a lower 

pressure before the moisture XWtation ie ma&ed, this effect on the amionla- 

=tea cycle twbfne is also of interest, 

kept the eane 8s i n  the other cams tstudied, 

B e  ovemll temperatwe limits were 

De R e s u l t s  Of' StUdfeS Of mnh-Wa%+r C$Cb 

Case I. !the eflfect 09 increasing the texapemtme in the boiler far ta 

@veri &xong liquor c~~~g?&mt;ioaz af 0.10 hkLs been shown i n  Figure 3 of the 

S-rg. 

XI: (follawing~. The thermal. efficiency increased ers the boiler tenperatwe 

was Sncreased, a s  was expected, b& it should be noted fn Figure 3 that  the 

thermal efficiency erne  has begun t o  level off at bailer trrmpemtms above 

38815 indicating thst 5f the temperature were increased further, l i t t l e  

improvement in efficiency could be3 expected* 

by examhation of the effect  boiler temperature has on turbine exhaust temper- 

ataxre (Figure 8). 

A smv of the mlculated vraluies f o r  this case is shown in WbLe 

This statemen% e a ~ n  be subetaatistad 
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Btu Btu 

2.1 171 
4.1 170 

2.7 210 

3.0 297 

2.0 243 
204 231 
3.4 225 
3.6 219 

204 270 

7.2 '215 
12.0 203 
15.1 172 

2.2 215 
2.1 213 

7.5 236 

3. Q 229 

Mi+. 
$ 

16. 3 

19. 3 

2 L  3 
23.0 
21.3 
2oe7 
19.9 
19s 8 

15.4 
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90 
200 320 360 400 440 

M-. miler ~ a y n r p , ,  9 
Fig. 8 E f f e c t  of Boiler TtmpcrattnW on !Turbine Bkbwt Tea&pemtaxr?a Apara6nia- 
Watsr P m r  Cyc11~. 

A t  concentrations ~2 0.10 and abovey the L U t i n g  factor an turbine ex- 

pansion is the 100’3’ minimum absorber tetxpemture; therefore, the turbine 

exhal;tst taxpemture 2aCreSsef: vezy sapidly wfth incrmsee 3.n boiler tempera- 

ture and it i l r ,  indicated that 19 ammonia-water property data had been amail- 

able for s-t-dies above 380%, the khermdi efficiency woulii show l i t t le o r  

no 3qyovemnt0 

at several different bailer conc@xit;rEt.tians and fomd t o  be substanttally the 

mmel 80 0- one h f l e r  concentmtion is  m p ~ r t t d  in detail.  

This effect of boiler tempeu?aturt? was briefly investigated 

%me caution must be exercised in explainZng the infLtnence 09 temperature 

on the 8mttnonfa-water cycle usfng C%mmtfs efficiency and taking turbine ex- 

hawt temperature as a criterion. 

mum temperature at which h a t  is rejected and, fkrthermore, the anthalpfss 

in %be e%&a?ast are I function not only of teafpesature but also of concentration. 

This exhaus% tetlrperatwrec is not the udni- 
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Figure 9 .  Ammonia-Water Power Cycle (Without Analyzer, Case IT) 

Tab la  111 

Properties of  S t a t e  Points i n  An Ammonia-Water 
Power c y c l e  (without  analyzer) 

t h W - S Condition y__ 

S t a t e  
_I_ Poin t  -P---- 

2' 
5 
6 

0.58 1.392 
0,58 

10 723 0 ,sa 
100 5.6 0,20 0,119. 
100 248 6,3 0,20 0.1154 
288 248 230 0 -20 0 .&E; 
330 248 300 0,134 0.523 
110 10 35.5 0.134 0.142 

Values assume t u r b i n e  efficiency of 
Values assume t u r b i n e  efficiency of 

sat .  vapor, x = IOO$ 
w e t  m i x t u r e ,  x = SS;.l$ 
wet mixture,  x = 89.1% 
s a t .  l i q u i d  
sub&ooled l i q u i d  
sub&ooled l i q u i d  
sat, liquid 
sub&oolad I l i q u i d  

100% 
8 0% 

Assumed Conditions:  

1 ab f low to t h e  t u r b i n e  t h r o t t l 6 ;  rn = 6.67 lbs 
= min. of 100 OF t(, = t 3  + 10' t3 fl 

tl = tS = max. of 330 *F 
= Wf5 

f3 = Wf4 
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THERMAL EFF, = 15.4°/' 

v 
Figure  11. Anrmonia-Water Power Cycle (Wfth Superheater, Case S) 

Table I V  

Properties of State P o i n t s  i n  An Ammonia-Vlater 
Power Cycle (with superheater)  

-2.""- t h L_ W - S C ondi t i  on - 
834 0.748 
619 0,748 

5.6 Q.2OG 
6.3 0,200 

242 0,200 
248.7 0.200 

662 0,748 1. 

300 0.134 0.5228 

799 35e5 '*'{b 0.7 - 
0,1418 
1.313 

30 O F  s u p e r h e a t  
w e t  mixture, x = 88.5% 
wet mixture, x = 93.77; 
sat, l i q u i d  
sub-cooled liquid 
s u b a o o l e d  l i q u i d  
Sat, liquid 
sat, l i q u i d  
sub?&ooled 1Squid 
sat. vapor  

-z- Values assume t u r b i n e  e f f i c i e n c y  of 100% 
-;;- j+ Values  assume t u r b i n e  e f f i c i e n c y  of 80% 

Assumed Condi t ions  : 
1 lb flow t o  the t u rb ine  throttle; m = 9 .3  I b s  = min, of LOO OF 

t2 = max, of 330 O F  

t3 
%l&7 = f l l  

f3 = Wfl 5 f4 
t 6  = %3 lo*  
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FEED WATER 
HE AT E RS 

F i g w e  13. Steam Cycle Study (Case 8, Table VI) 

P r o p e r t i e s  nt S t a t e  P o L n t s  I n  Steam Cycle ( F i g .  13) 
P o i n t  LT p i a  h , B t l i / l b  - 3, Btu/lb-OP abs C o n d i t i o n  

330 
14 6 
14 6 
207 
237 
268 
268 

Ctllc i l l 3  t io 

03.1 1x88 l.Cj002 
3.4 9 58 1.6002 
3.4 115 
13.3 1038 1.6032 
13.3 17 5 
40.5 13.15 1.6032 
40.5 237 

s in S t e a n  C v c l e  ( F i g .  12) 

Heater  No,l: m2 = 1237 - 175 = 3.0658 Ibs  
lslS--F5 

s a t .  vapor 
wet  m l x t u r e  
sat. l i q u i d  
w e t  rnlxture  
s a t .  l i q u l d  
w e t  mixture 
s n t .  l i q u i d  

i ieater No.2: ml = 0.9342 (175 - 115) = 0.0612 l b s  
1m-E 

Useful work = ( 1128 
= 214.5 

Heat Added. to C y c l e  

- 1115) -t 0,9342(1115 - 1038) + 0.873 (1038 - 9581 
i3tii/lb ( l e s s  9.5 p ~ x ~  wrkp  = 214.0 Btu/lb 

= 1188 - 237 = 951 Btu/lb 

Met Thermal  Eff' of Cycle. = 214/951 = 22,5$ 
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the cycle. 

mectiven@ss is tbea, 

E = - -  8.8 - 1201 */o 
-72. 9 

where m is 9.3 lbs 8 s  fa s~mple calculation of Case If. 

Eefe c t ivene s8, 

E 

E = 8806 "/* 



Overall change in availability, 
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-%a 1032 8 
m i x ) .  = 870.8, where, HI = 

m = 1*18 1%. steaglflb vapor to turbine, 

then, m T p  = 1.l8(535)(1.0'@4) = 680 Ben, 

Ab, = -1032.8 -t- 680 = -353 Btu 

Effe et fvenese, 

332 a x -  E E 

*be -353 ' 
E = ss o/o 

OtseraLX change in avgilability,, 

I = Abj f Abe = 332 - 353, 

I = - 21 Btu c 
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Cycle Ef ft? ct Zveae ss, 

E = W/Ab,(boihr) ft 164.8/-353, 

E = 46.4 "/o 
In order t o  correlate the above results with the quantities reported in 

%is conversion factor Table VII, it is necessary to multiply them by 20.8. 

is the required miss f low rate to the tnrbine necesmry to obtain a net output 

of 1 kwh. 
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XX. ~~~~~~S FOR m- STUmc 

The wrtters belleve that We r9mmonZEt-water power cycle shows so little 

promise t h t  farther study UT t h i s  wwkfng fluid is not warranted. 

d two-hsubstance work- flnfd wherein water is the mre volatile contponeat, 

su& as sr lithium chloride-water clurdbiraation, posafbly could have better them1 

efficiencies than that of a comparable conventional steam cycle. 

The properties of entlmLgy and centropy are esaenkfalwhetl raaking L heat- 

tle-2EnoM1 sub~taaces &re need as wrking fluids a 

effort  w i l l  be requered to detemhe eufficient 
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WEIGHT FRACTION NH3 IN SAT. LIQUID 

Figure 14. Concentration NH3 in Saturated V a p o r  vs . Concentration in 
Saturated Liquid at Various Temperatures 
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Ffgure 15. Saturated Pressure of Nff3-H 2 0 Solutions at Various 
T e m p r a t u r e s  arid Concentrations 
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Figure 19. Ammonia Concentrations at State Points Case 11, 
Items 4-12, Table IV 
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BUT VALUES READ FROM SMOOTH CURVES 
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Figure 20. Amnonia-Water Power Cycles Enthalpies vs. wl, Case 11, 
Item 4-12, Table IV 
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