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II. NOMENCIATURE

The following nomenclature, symbols and units were adopted for this study:

b Btu/lb availebility function: b = h ; T8
B Btu : availability function: B = H - T,8
E f % effectiveness
n o Btu/lb : enthalpy above 32°F datum
H  Btu/m lbs enthalpy above 32°F datum
I ; Btu ' summation changes iﬁ available energy: IEFBA&
w ; ibs flow |
P psia absolute presgsure
Q@ ' Btu : heat transferred (+E= added, - = removed)
Btu : ) k k
8 Ib-°F abs entropy above 32 F datum
5 Btue entropf above 320F datum
- m 1bs-"F abs
% p temperature
T °r avs ' absoluﬁe temperature
v é 63 /1 specific volume
W %gsgzﬁé E concentration of amhonia in mixture
W B mechanical work
x % ‘ percentage dry vapor per 1b mixture (guality)
Sﬁbscripts

1,2, etc. refer to various state points in cycle

e = external medium , p o= ﬁump work

f = 1iqgid phase : t = turbine work
i = intermal working substence v = vapor phase
o = dead state (75 °F, 14.696 psis)
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;IIIO SUMMAR?

The purpose of this study is to determine whether an absorption-type
power cycle using & mixtufe of ammonias and water aslthe working fluid, in a
system such asz that illusirated in Figure 1 of this Summary, would afford
higher thermal efficiencies than those obtainable from & comparable steam
(power cycle, such as that shown in.Figure 2o

It was found that the thermal efficiency of the ammonia-watei power
cycle is less than that of a typical stéam power cycle. The efficiency of
the asmmonis-water cycle way slighily exéeeﬁ that of a simple non-regenerative
satnrated steém cyele when boiler tem@afatures are above 350°F and the minimum
éxhanst guality is maintained at 83.5 pércenty but the efficiency could never
equal those of non-regenerative steam cycles operated with SQGF or more of
superheat, but between the same overall tempersature limits, and could never
sigﬁificantlyiexeeed the efficiencies of gAsaturatgd‘steam eycle ﬁsing two
ér more feedwster heaters. [See Figure 3 of this Summary). The sbove state-
@gnt is true over the range of boiler temwperatures i@ves@iggted,{QBO to 3809?),
and there isv?eason Lo Eeligwe_phat‘tha‘gamg gituation exists at higher temper-
étures, although the present lack of gmmonia;water_propgrty data ét the higher
ﬁemperatnres prevents computation of sctual values.

The efficiency of the ammonia-water cycle iz less than that of a steam
gycle throughéut the rangs of ammonis céacentrationg%that could be employed.
{See Figure 4 of this Summﬁry)o This iz also true when other variables are
intrcduced9 such as permissible exh&nst:qnalitiegy sdperheating of wvapor to
turbine, tempéraﬁure of heat rejection, general arraﬁgement of ammonis-water
cycle equipment, and assumed actuwel turbine efficiengieso

A typical ammonia-water cycle efficiency is 2007 percent while that of

& saturated steam cycle operated beitween the same tewpersatures and permiegsible
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iexhaust conditions is 21.4 percent without regeneration, and 22.5 percent with
two open feedwater heaters. A stesm cycle with 3OOF superheat, but maintaining
the same overall tempersture limitis, wﬁuld have an efficlency of 22.9 percent‘
non-regenerative, and Eh.i percent usiﬁg two feedwater heaters.

I% is cbncluded that an sbsorption~type ammonia-water power cycle has
no significant thermodynemic advantageras a means of converting heat into
useful work. '
k A two-substance working fluid in ﬁhich water is the more volatile component,
guch 8g a lithium chlori&é-water combination, may hdld more promise, but to
make gtudies of systems using such mixtﬁres would reQuire a great‘deal of

preliminary effort to determine the thermodynamic properties.



VAlthough the search for a better ﬁbrking finid hes continued since the
thermodynmaic heat-power cycle had its inception, uo fluid has been found
to‘be as practical as pure water. In moaern high-temperature steam power
cycles, howevér, there are two important disadvanteges of the use of water
8s the working fluid. First, its relatively low critical poimt (705°F)
requires subcritical boiling and then superhesting to the higher temperatures
{about lOQOOF) depirable fbr turbine opératicno If the critical temperature
were higher tﬁe heat could be added to ihe eycle at a higher average temperature
and thus the heating procesa of the Carnot cycle could be more nearly realized.
Secondly, the relatively high specific heat of water causes a proportionately
iarge loss in available enérgy when the sub-cooled liguid is heated to saturation
conditions, a’loss which necesgitates uée of regenerative feedwster heating to
realize the efficiencies now prevalenf in modern plants.

Despite these shortcomings of water,; no fluid has better characteristics
éver the entire range of temperature beﬁween 100° and 1000°F now employed in
heat power cycles. This ié illustratediin Figure 5 which compares on the T-s
plane eycles using pure water (b) and pure ammonis (c). Also shown in Figure |
5 {a), are the properties of a hypothetical fiuid which would permit the ideal
éarnot cycle efficiency to:he reslized. The areas inclosed in the cycle
represent the'amount of wofk available from.the ¢yele;, per pound of working
fluiéo In the case of the’ammonia cycle; however, additional work is required
to compress the exhaust vapor to the saturation pressure to enable it to be
ﬁondensed» This compression work must be subbracted from the available work
so that the efficiency of the pure ammonia cycle is lower than indicated in

the diagram, (Figure 5). As boiling and condensing afford practical means
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- whereby heat can be added and subtracted from the cycle st constant tempers-
ture, it can be seen why it is desirable to have a fluid with saturated liquid
‘end vapor conditions such as those shown in Figure 5 (a).

One of ﬁhe most successful means of overcomingtthe disadvantages of the
pure water cycle at high ﬁemperatures has been to use & two-fluid system of
‘the binary type, wherein a fluid more Suitable for the high temperature ranges
rejects heat into & conventiomal steam cycle. Several binary plants using
mercury as the high-temperature fluid are now in operation.

Absorption~type systems, using a mixture of two fluids, have been proposed.
In such & system the boiler delivers a vapor rich in the more voiatile component
and an absorber is utilized at the turbine exhsust to reunite the weak liguor
from the boilér with the vapor from thezturbineo This type of cyéle appears
attractive in that, with suitable solutions, the beat will be added at a
higher averagé temperature in the boilero One heat éxchanger located between .
the strong and weak liquor flows, replaéea the several feedwater heaters in
the conventional regenerative steam eycles

Since water has good fhermodynamic properties, & mixture in which water
is the more volatile of the two components would seem to have the best pos-
sibilities Pfor & multisubstance cycle. The soda machines of Honigmenn and
Zander,l proposed over fifﬁy years ago, utilized stesm from & boiling mixture
of sodium hydroxide to drive a steam engline. In the;references c@nsulted,‘
no date were given as to the actual efficiencies realized. The corrosion prob;
lém existing at that time éiécouraged further development.

’ An absorption-type binary cycle wasipreposed by Koenneman® in 1930. A

solution of zinc smmonium chloride was to be heated in a boiler, for the purpose

of driving off ammonia vapor which was to be passed through & turbine, then
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reabsqrbed in the weak solution, the heat of sbsorption being used to evaporgte
water. Initial superheat was added to the steam by the flue gases, and after
partial expanaian,in.the stean turbine, the steam was re»superhéated and re-
turned to the turbine. Further cyclezimprovement proposed the ﬁse of three
- gtages of fée&water heating. An overéll thermal efficiency of about 35 percent
iwas estimated for the cycle. This value appears attractive in that the maximum
- eycle Lemperature wasg only 8sk ©p, Nb;system has been congiructed using this
priveiple, probably because of the complexity of thé eguipment, the tendency |
kef smmonia té digassociate at the propésed temperatﬁres, corrosion problems, |
‘apd the considerable unceitainty as to the sctual thermodynamic properties of
‘the mixtures used. (
An exhaustive search of the literéture bas not been made for heat power
cycles using multisubstance fluids, but insofer as is known, no study has been
published covering an ammonis-water absorption-itype power cycle.  This report
indicates the thermal efficiencies realizable in such an ammonia-water cycle
Vhen the concentration of ammonia, boiler temperature, etc., are varied.
Comparisons are made to equivalent steam cycles. This study also includes
an analysis of the ammonia.water cycle to show uherein the major losses of

available energy occur.
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V. DESCRIPTION OF AN AMMONTA-WATER POWER CYCLE

A power cycle utilizing a boiler to generate a vapor strong in ammonia, é
turbine through which the vapor is expanded, and an sbsorber for absorbing the
‘vapor from the turbine exﬁaust into the weak liguor, is shown in:Figure 6.

The éfficienéy of the cycle has been increased by the addition of & heat ex-
:changer to heat the strong liquor with the flow of weak liquor. An anslyzer
is shown at the vapor outlet of the boiler wherein the saturate&kvapor leaving
the boiler is increased in concentration to reach equilibrium with the strong;
liguor entering the analyzer. ’

The relationship of the propertieé of the working fluid ag it passges thrqugh
‘the various state points of the cycle is best shown by the enthalpy-concentration
i(n—w) amgram, (Figure 7). Sterting at the throttle (1), the satwrated vapor,
rich in ammnﬁia, is expanded through the turbine to‘a pressure fixed by the
2concentraticn and temperature of the sirong liguor ieaving the ab#orber- The
temperature of the turbine exhaust (2 or 2') is determined by the efficiency
of the expansion process and the exhausi pressure. The wet mixture leaving the
furbine is absorbed in the weak solution in the absorber, giving up heat to
the cooling medjum. The week solution leaves the boiler (5), passes through
the heat exchanger and expénsion valve to enter the &bsorber slightly subcooled

(6). In the ébsorber the remaining heat of vaporization contained in the
exhaust and the heat of absorption are removed from the cycle by the cdcling
medium and the ensuing liquor is cooled to within a few degrees of the
availgble cqoling vater supply. The saﬁurateﬁ strong liquor (3) leaving the
absorber is then pumped to:boiler preseﬁre, passed through the heét exchanger

and into the amalyzer (4) slightly subcooled. The strong liquor cascading
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Froperties of

Table T

State Points in An Ammonla-¥ater
Power Cycle

w
Iz
tg = t

w

w =
fl T

©
x + 10

4

State
Point t p h w s condition
1 300 248 799 0,748  1.313  sat. vapor, x = 100%
2 % 119 10 584 0.748 1,313 wet mixture, x = 84.8%
21 %% 125 10 627 0.748 1.385 wet mixture, x = 89.4%
3 100 10 6 0.200 0.115 gat, liquid
4 206 248 242 0.200 0.467 submcooled liquid
4! 300 248 249 0.200 0.474 sat. llgquid ‘
5 330 248 300 0.134 Q.5&3 sat, liquid
6 110 10 35 0.134 D0.142 subscooled llquid
% Values assume turbine efficiency of 1020%
#¥Values assume turbine efficiency of 80%
Assumed Conditions:
1 1b flow to the turbine throttle ; m = $.3 lbs

t] = t. - 30° (except at low values of w)

5
t, = mln. of 100 °F, or, x, 2 83.5%
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: down through the upcoming saturated vapor gives up émmonia as it increases in
;temperature.i A perfect analyzer is assumed, wherein the vapor leaving is at
equilibrium concentration with the satﬁrated strong liguor (b+) and the cas-
cading liquor leaves the analyzer in eéuilibrium with the vapor leaving the
“boiler, and is thus at weak liquor con&itions {5).

A termi@al difference of 10°F hasibeen agsumed reasonable for the heat
;exchanger (t6 = .t3 + 10}, and this assumption has been used throughout
:this study. The differenée in equilibrium temperature at boileripressure
‘between the strong and weak liquor has been maintaiﬁe& at 30°F, except in the
cases where the weak ligquor concentration is less than 0.10 1lbs H33 per lb. |
In thie region the dlfference must be less than BOOF if equilibrium is to
iexist in the boiler and analyzer.

The absdrber is assumed to be cooled with water at 75°F, and on as-
ﬁsumption of ressonable Akts, & minimum‘éttainable sbsorber temperature of
100°F hss been assumed throughout thisistudyo In the cases where an assumed
hinimnm permisgible quality of the wet ﬁixture in the turbine exhaust is
teken as the 1imit1ng factér, the absorber tewperature may exceediloooF.

The problem of erosion by moisture in the 1ow-presaure blading of &
Steam turbine is well known. In the cases where 100 percent turbine efflciency
has been assumed, a maximum allowable mplsture content of 16.5 percent has
been used, since at this condition the :esulting exhaust pressureiis the same
as thet reachgd by & turbiﬁe having 80 percent turbihe efficiency and limited |
to 12 percent moisture in its exhaust. iFor simplicity 100 percent turbine
éfficiency haé been’assume& when studying the effects of boiler temperature

and boiler feed concentration. The moisture consideration is not of concern
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;except at low ammonia concentrations, because at stroug liquor concentrations
greater than about 0.10 the exhaust end point is fixed by the 100°F minimum ab-

sorber'tempeiature and the moisture in the exhaust is well below the allowablé

~amount.
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VI. ANALYSTS OF AN AMMONTA-WATER POWER CYCLE

Ao Sources of Ammonis-Weter Thermodynamic Properties Data

Practidally all the date published on the properties of ammonia-water

mixtures are based on the German investigations by Zimner3 and Wﬁchererh. The

- renge of tem@erﬂtures covéred is ounly that which is of interest in absorption

'refrigeration cycle studies. The Stiaknay5 tables and charts were published

in 1935, the’Jenninggs tahles in 1938, and the Scatchard values in 1947.

:There is fairly close agmgement between the Stickney and Jennings data but

Ethe Saatcharé values, particularly at high ammonis concentrations, departs

‘markedly from the others, including the criginal Warcherer datao‘ Stickney

’writesg "so. engineers shéuld use the Scatchard tables with caution, if at all.”

EScatChard acknowledges the discrepancyjbut guestions the original Wurcherer data.
In studying the ammonis-water power cycle, theiproperties of entropy, free

'energy and availability were necessary. Scatchard‘é tables are the only source

of these properties, the Jennings and Stickney tables giving only t, by, hv aﬁd

W

v 88 & function of Wp and pressure, up to 300 psia. The Jennings data are

tabulated in‘smaller incréments of conéentration between O andilo percent ammbnia
and were found to be very useful in the low concentration regioné of investi-
gation. The Scatchard tables were used to determine entropy in all cases. :
Although the values of he at higher temperatures may have differed by as:
much as 25 percent between the Scatchard and Jennings values (see Figure 16 in
Appendix} comparative calculations of themmal efficiencies basedion each source
indicate that the efficiencies were not affected sufficiently (+ 0.5 percent

thermsl efficiency) to canse guestion #s to the general findings of this study.
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B. Determination of Properties and Method of Calculation

It was found that inter?olation within the tables:of propertieé introduced {
considerable erfor, particularly in the low concentration ranges because the |
préperties in this region aré affected greatly by the sddition of only small
amounts of smmonis. It was therefere found necessary to plot all the dats and
to: read the valaes from these graphs. Some of the more important of the graphs
of properties are shown in reduced scale in the Appendix as Figures 1k through
18.

In studying the effect of ammonia concentration in the system on the cycle
thermal efficiency it was neéessary to investigste the regions of 16w concen-
trétiono First attempts gave a scatter of + 1 percent thermal efficiency at
these low valueé, makipg placement of the efficiency curve»doubtfulg Trial
calculations indic&ted that this was due to the latitude with which the property’
data could be read. For this portion of the study it ?as’found necgssary to plof
81l the ?alues found in each:step of the calculations against the concentration
of the strong liquor, it beiﬁg sagumed that thege values would vary along smooth
curves, and by adjusting the property daté within the rﬁnge of posaible,readings}
bring the plotied values into lipe. Two of these ploté of calculated values have
been included iﬁ the Appendix as Figures 19 and 20, Since the efficlency was
more sensitive to the enthalpy in the turbine exhaust than to any other calcu-
lated value more atitention had to be diregted to adjustment of this:value than
tokany other.

Although the absolute accuracy of the original property data is guestionsble,
and some adjustwenis were necessary, as explained asbove; it is believed that

the calculated thermal efficiemcies are reasonably correct. In practically all
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éases the efficiency of the steam system is emough greater to prevent smsll
errors in the ammonia-water cycle efficiency from changing the overall con-
élusions presénted in this report.

Determin&tien of the furbine exhaust conditions presented the greatest
difficulty in making the célculations because the state point in the exhbaust
is fixed by several variables not easil& equated. Trial and error methods
were used. The turbine exhaust pressuré must be thaﬁ established by the
desired concentration and temperature in the bottom of the absorber dnd, at
the seme time, the exhauetttemperature must satisfy the reguirement of con-
stant entropy expansion to the exhaust pressure. Even though the overall con-
centration in the flow thréugh the turbine is constant, the vaporkbecomes richer
in smmonia ag the quality decreases.

Two different situations were presented, (1) when the minimum permissible
éuality of tuibine exhaust established the end poimt of the expansion process,
and {2) when the minimum absorber tempefature of 100°F controlled the end point.
it vag found that the quality controlled at low concentrations and the absorbef
temperature a£ the higher values (over 0.10}.

The general procedure:followed in calculating the net thermal efficiency
of the ammonia-wmter cycle, with lODOF minimm absorber temperature controlling,
is briefly as follows: On assuming the strong liguor concentrationientering
the boiler and the maximum’boiler temperature to dbe investigated,;the entropy
and concentration of the saturated vapof entering thé turbine were obtained
from the properties. At lQOOF and the known concentration of strong liquor
ieaving the absorber, the exhaust pressure was taken from the proﬁerties‘ A

trial turbine exhmust temperature was then assumed which, with the known
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exhaust preséurey affords ;va.lues from th_e properties for liguid and vapor
concentrations in the exhaust, Knowing these values, the quality was then
lcalcul&tede The values of entropy of éaturated liqﬁid and saturated vapor

were taken from the properties and, using the calculated quality, the entropy
determined. If the assumed exhaust temperature were correct, this calculated
entropy would agree with the entering e@troPyo Three or four trisls were
ﬁsually sufficient to effeﬁt a solutiop. After the exhaust conditions‘vere
éstablished, the absorber ﬁas then analyzed on the basis of an am@onia balance
and the weight of wesk liqﬁor neaded per pound of vapor through the turbine
calculated. An energy balance of the héat exchanger could then be made for the
determination of exit enthalpies. Enough dsta were then available to determiné
the enthalpies at &ll poinﬁs of the cycle, from which the retio of net useful

work to the heat input regquired could be obtained.
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;Samgle Calculations - Cese II; (Item 10, Table I1)
Conditions:
Maximum boiler tem@aratnre = tS = 33OGF
= 100°F

Minimom sbsorber temperature = t3

o ; 0
tg = t; + 1°F = 110F

- : O - ann®
8y = tg - 30°F = 300°F
VEp = Wps = Wp o= 0,20 1bs NE;/1b sol.
From the property data with, t; = 300°F, wg, = 0.20, known
P1 = Dy = Py = 248 peis
8yp = 1.313
wvl = 0072'5-8
By, = 799 Btu/1b,
From the property data with, t, = 100°F, Wes = 0.20, known
P3 = Py = Ppg = 10 peia
hf3 = 6 Btu/lb.
From the property data with, té s 110053 Pg = 10 psia, known
W:fé = OalBh
hf6 = 35 Btu/1b.,

Since Wfs = Ve from the property data {Scatchard):

B, =E3m;mmhbc

Aspuming & turbine exhaust temperature of llQoF,,and knowing Pos from
the property data: ‘ ‘

0.1k7

i

Wf o

W, 0.857

Vo

i
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wvl - ”fé
A £,
then
0,748 ~ Q.147
X = 557 -o.y - O-%8

also sf, = 0.158

Then with the quality, x,
8, = xg(s"fe - sfg) + sfg
82 £ Oashs(laﬁlé - 00158) + 00158‘ = 10312

This value checks closely with 87 = 1,313 end indicates a reasonably
correct aspumption of the turbine exhaust temperature.

Knowing to, Ppy WEos ﬂnd X
h, = xh., + (1 - xé}hfg

b, = 0.848(682) + 0.152(40) = 584.1 Btu/lb

The gross work from the turbine is then
w, o= 799 - 58 = 215 Btu/1b to throttle
By making a mass balance around the abgorber

m o= (W - W)
iwg's - wfé)‘

o - (0748 - 0.13%)
{(0.20 ~ 0.134%)

| m = 9.3 1bs/lb through the turbine
By making a heat balance of the heat exchanger
by, = Em-l)(h5 —h6)+mh;'
fe:d ;




; Ol

by = 8.3(300 - 35) + 9-3(6)
9-3

n, = 2k Btu/1o

From & heat balance of the boiler and analyzer

Qip 799 + 8.3(300) - 9.3(242) = 1033 Btu
The ideal pump work is approximately

v o sb(py - p3)(ve,)(m)

P 778
_ 1hk(2h8 - 10) (0.0175 (9.3) _
Wé = 778 ‘ - 7.2 Btu

The net work of the cycle is then
Vo= W - W, s 215 - 7.2 = 208 Btu
and the net thermal efficiency of the cycle is

- 208 o
T.E, = W/Qin = T35 = 20.0 /o

Sample Calculations - Case IIT

Conditions:

Same as for case II except that a turbine efficiemcy of 80
percent is assumed. The turbine exhaust condition is there-
fore changed and is represented by point 2! in Figures 6 and
7. The properties of this state point are fixed by the ab-
sorber pressure, overall concentration, and the enthalpy.

From the property data with, por = 10 psia, wé. = 0.748, turbine

efficiendy = 80 percent, known,
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i

Byt = by - 0.8(8 - hy)

h i 799 - 0.8(799 - 584) = ‘627 Btu/1b

o’ ;
Now graphicelly from the enthalpy-concentration disgram or from calcu-

it

lations,

% 125°F

2!

322, = 89'1‘" 0/0

The grnés turbine work ig then,

Wy, 0.8 (ideal work) or hy - by

i

W, 0.8 (215) = 172 Btu
As the pump work is the same @s in case II, the net turbine work is,

W= Wy W s 172-7 = 165

As Q, is also the same as in case II, the net thermal efficiency is
then

Thermsl efficiency = W/Qgy = 165/1033 = 16.0 °/g
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C. Cases Studied in the Ammonia-Water Power Cycle

In ordet t0 determine whether or not any circumstances might exist wherein
“the thermal efficiency of the ammonia~ﬁater cycle would be significantly greater
:than that of:a conventional stean cyclé operating under comparabie conditions,
the following cases were selected for study:

Cage I.: Effect of boiler tempersture on thermal efficiency, sssuming 100
-percent turbine efficiency. Following Carnot's principle, the thermal ef-
‘Piciency should increase with boiler temperature, but it is conceiveble that
‘the apmonia-water system might have beﬁter charactefistics in this respect and
might at some range of temperatures give better efficiencies. Fér simplicity;
‘& turbine efficiency of 100 percent wag assumed.
| Case IT. Effect of’concentration of smmonie in the system on thermal
efficiency, asauming 100 ﬁercemt turbiﬁe efficiency; The higher efficiency
Eof the pure ﬁater system over that of & pure ammonia system was illustrated
on the T-g plane (Figure 5), but the guestion arises as to whether there ig
some optimumzconcentration in between that will afford better efficiencies
{than for the pure substance. |

Case III- Effect of actual turbiﬁe efficiency on the thermél efficiencyE
of the cycleé If an actuél turbine efficiency of 86 percent iz assumed, a |
‘value which approximates that of most turbines now in operation, the ex-

. pansion can proceed to a icwer pressuré and temperaﬁure before the limiting
‘amount of moisture is reaéheda Although this effecﬁ has already been taken
into account by permitting 16.5 percent noigture for the 100 pertent—efficient
turbine &s cémpared to le‘percent for the actual turbine, it was realized
tthat the ammonia-water system, and the sheam system might respond differently

"to the introduction teo this variable.
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Case IV. Effect of the analyzer‘in the ammonia~water power cycle on
the thermal efficiency, assuming 80 pe?cent turbine efficiency. If the ana-

- lyzer were nét uged in thé cycle, the &apor supplied to the turbine would be
30°F hotter (but at lower concentration), indicating & possibility that the
eyele would heve & better thermal efficiency without its use. |

Case V.’ Effect of superheating the vapor from the analyzer, assuming
:80 percent turbine efficiency. Since the advantage of superheat in a con-
ventional stéam cycle is that the turbine expansion can proceed to & lower
pressure before the moisture limitatioﬁ is reached, this effect on the ammonia-
water cycle turbine is also of interesfo The overall temperaturé limits were
kept the samé as in the other cases studied.

' D. Results of Studies of Ammonia-Water Cycle

Case I. ‘The effect of increasing the temperaﬁurevin the boller for s
glven streng:liqucr concentration of 0.10 has been éhown in Fignre 3 of the
ISummary. A summary of thé calculated values for this case is shown in Table
II (following). The thermal efficiency increased as the boiler femperature
waes increaged, as was expécted, but it:shculd be noted in Figure 3 thet the
ithermal efficiency curve has begun to ievel off at ﬁciler temperatures above
j380°F,'indicating that if the temperature were increased further, little
- improvement in efficiency;could be expécted. This statement can be substantiated
:by examination of the effgct boiler temperature hasion turbine exhaust temper-

ature (Figure 8).
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TABLE TI
SUMMARY CALCULATED VALUES
AMMQ&IA~WA1ER;P0WEB CYCLE STUDTES
| Cases T and II

Max.  Boiler  Turbine Turbine Temp. Weak  Heat Pump Turbine Net

Boiler Concen. Exhaust ZExhaust Lesving Liguor Added Work Work @ Thermal
Temp. w Quality Temp. Abgorber Circu. ‘ gross @ Eff.
op 1 % oF ¥ Tbs.  Btw Btu Bta %
280 ' 0.10 87.8 112 100 9.7 1096 2.1 171  15.k
280 0,20 87.8 112 100 10.3 lo2l k.1 170 16.3
300 0.10 84.8 15 100 9.6 1076 2.7 210 19.3
330 0.00 79.4 00 100 10.0 1210 3.0 297 2h.3
330 0,02 81.0 106 100 76 1165 2.4 270 23.0
330 0.0k 81.8 10 100 7.0 1130 2.0 243 21.3
330 0.06 82.8 11k 100 7.2 1106 2.4 231 20.7
330 0.08 83.5 119 100 T.7 1111 3.4 225  19.9
330 - 0.10 83.5 119 100 8.4 1091 3.6 219 19.8
330 - 0.20 84.8 119 100 9.3 1038 7.2 215  20.0
330 0.30 86,1 115 100 9.0 982 12.0 203 19.5
330 C.10 88.0 105 100 7.4 843 15.1 172 18.6
330 C.00 83.5 17 | 17 10.0 1167 3.0 229 19.4
330 0. 025 83.5 135 125 Te2 1111 2.2 215 19.2
330 0.05 83.5 22 111 6.6 1113 2.1 213 19.1
360 1010 83.5 mwo 117 7.5 1078 7.5 236 21.5
1380 0.10 83.5 155 . 133 6.7 1065 4.9  23%  2L.5

All of the above values based on 1 1b. vapor to turbine.

For values of h and w, Cage II, see Figures 19 and 20, Appendix.
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At concentrations of 0.10 and above, the limiting factor on turbine ex-
 pansion is ﬁhe 100°F minimum absorber;temperature;'therefore, the turbine
. exhaust temperature increases very rapidly with increases in boiler tempera-
i ture and it is indicated that if ammonia-water property deta had been avail-
able for studies above 380°F, the thermal efficienéy would shuw:little or
no improvement. This effeect of boile: temperature was briefly investigated
- at several different boiler concentrations and fouﬁd to be substantiaslly the
- same, so only one boiler concentration is reported in detail. ’
Some caution must bé exercised in explaining the influence bf temperature
on the ammonis-water cycle using Carndt's efficiency and taking turbine ex-
‘ haust temperature ag a criterion. This exhaust tempersture ig npt the mini-‘
mu bemperature at which heat is rejecﬁed and, furthermore, the enthalpies

in the exhaust are a function not only of temperature but also of concentration.
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The thermal efficiency of the amﬁonia—water system can exceed that of a
saturated steam system without feedwater hesters at temperatures above 360°F3
if 30°F or more of superhest is used for the stesm cycle, but with the same
oyerall temperature limits, the efficiency of the ammonia-water;cycle can not
~ equal that of the steam cycle. If two stages of feedwater heating are used
in the saturated steeam cycle the efficiency is higher than that of the ammonia-
water cycleg and if both superheat and regeneration are employed the steem
cycle is significantly higher in efficiency than tﬁe smmonis-water cycle.

Case 1I. The effect of decreagiﬁg the cenceniration of ammonia in the
| eycle ig to incresse the thermal effiéiency, reaching B maximumiefficiency at .
. zero smmonis, ms was chown in Figure % in the Swmmery. The results of this
study are aisa summ&rizeé in Teble II, At gzerc coﬁcentration the circu-
lation of boller liquid through the héat exchanger is no longer necessary,
but even with this irreversible proceés left in the cycle the thermal ef-
ficiency is still better than vhen eny smmonie is in solution. Elimination
_of the hest exhanger and the circulatfon of the boiler liquid, converting
the cycle toithat of a simple steaw cycle, improves the efficiency still
 Turther. The effect of concentration at seversl aifferent boile: tempera-

tures wag briefly investigateﬂ‘and found to be about the same; therefore,
only one boiler temyeratui«e, 330° ¥, was studied in detsil. As shown in
Figure k, no‘concentration exists betweesn O and 0.k for 330 °F poiler
temperature that affords thermal efficiencies as high as that of a simple,
nnnurageneraﬁive, saturated steam ayclé operated with the same turbine
iexhaust limitations. There could be no workable concenpration greater than
iOoh because at this valueéthe turbine exhaust temperature is esgentially

that of the 100 °F minimmm allowsble in the sbaorber; further increases in
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strong liquor concentration would resﬁlt in exhaust pressures lower than that
- required in the absorber, & situation that for practiéal yurpnsés could not
exisgt, | ; ‘

Case IIT If & turbine efficiency of 80 percent is mssumed, the thermasl
| efficiencies of the ammonis-water and:the gleam cycles are reduced in sbout
l the gampe propcrtlono When the maxjmum boiler temperature is 330 °f and the
- mindwvon absorber temperature is 100 QF, chenging the turbine efficiency from
100 percent to 80 percent causes the exhaust temperature to increase from
119 °F to 125 °F, raises ‘the exhaust Quality from 8.8 percent to 89.4 percent,
and reduces the thermal efficiency frém~2060 percent to 16.0 percent, This
| gtudy has béen summarize& in Figures 6 and 7, with the state point leaving
the 80 percent-efficient turbine desigaaﬁed ag 2'. A similar reduction in
 turbine efficiency in 2 steam cycle reéuces the c¢ycle thermsl efficieﬂsy
 from 21.h4 pefcent to 17.1 percent, as shown by Ttems 6 and 12, Table VI.
It is concluded that if actual turbine efficiencies are useﬁ, the thermal
;efficiency of the ammonia-water cycle will be reduced about the same amount
88 will the efficiency of a steanm cyule, and the ammonis-vater cycle shows
no superiority in this respecta With regard to the turhlﬁe efficlencies that
kcould be expected from an ammonia turbine, it is not known what effects the .
differences in molecular weight, viscosities, gtca ﬁould have since ammonia
turbines have never been developed.
‘ Case IV. When the analyzer is removed from the basic cycl§ and the
system is arranged as shown in Figur&si9 and 10, the thermal efficiency
‘is not improved. Without the snalyzer the saturated vapor to thé turbine is |

in equilibrium with the weak liguor rather than with the strong liquer but
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Figure 9. Ammonia~Water Power Cycle (Without Anslyzer, Case Iv)

Table III

Properties of State Points in An Ammonia-Water
Power cycle (without analyzer)

State
Point t P h w 8 Condition
1 330 2,48 895 0.58 1.392 sat. vapor, x = 100%
2 % 148.5 10 680 0.58 1.392 wet mixture, x = 85.1%
2t wx 15l 10 723 0.58 1.47 wet mixture, x = 89.1%
3 100 10 5.6 0.20 0.115) sat. liquid
' 100 248 6.3 0.20 0.115l;  sub#cooled liquid
a 288 248 230 0.20 0.ilyw sub#cooled liquid
5 330 248 300 0.134 0.523 sat., liquid
6 110 10 35.5 0.134 0,142 sub#kcooled liquid

%  Values assume turbine efficiency of 100%
%% Values assume turbine efficiency of 80%

Assumed Conditions:

1 1b flow to the turbine throttle; m = 6.67 1bs

= = ° - o
wflﬂ~ wfs t6 = t3 + 10 t3 min. of 100 °F

ty = tg = max. of 330 °F
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is at 30 °F higher temperature. It was found that the exhaust temperature is
~ also higher, and in the case studied (0.20 concentration and 330 OF boiler |
| tempe:ature) with 80 pefcent turbinefefficiency the thermal efficiency is
15.9 percent without the analyzer and 16,0 percent with it. Although the
analyzer apparentxy does not inerease the efficiency of the cycle, its use
does simplify the cycle studies because the relationship between the saturated
vapor and the absorber pressure is easily established.
Case V. When 30 °F of superheat is added to the 300 °F vapor leaving
E the analyzer, 88 sbown in Figures 11 and 12, there:is an accompénying incresse
- in enthalpy to the throttle. Howeverg the 100 °F minimwm absorber temperatufe
limits the expansion in the turbine (when turbine efficiency isfSQ percent )
. rather than‘the moisture limitation, so that the expansion is only to 93.7
percent quality as compared with 89.4 percent without the application of
’ superheat, and the thermal efficiency is only 15.5 percent with‘superheat
as compared with 15.9 pefcent without it. The same situstion wherein the
use of supeihegt does not improve the;cygle efficiéncy can also exist in the
- steam system, as shown in Items 1 ande of Table VI. In the situations where
superheat ié desirable in one cycle iﬁ wouid also ?robably be a&vantageous fér
; the other one;, so that it is concluded that use of superheat would not changé

 the general findings of this study of smmonis-water heat-power systems.
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Figure 11. Ammonia-Water Power Cycle (With Superhester, Case W)

Table IV

Properties of State Points in An Ammonia-Water
Power Cycle {(with superheater)

State
Point t P h W 8 Condition
i 330 248 834 0.748 1.3450 30 °F superheat
2 122,5 10 619 0.748 1.3450 wet mixture, x = 88.
21 % 129 10 662 0,748 l.ﬁlS wet mixture, x = 93.
3 1100 10 5.6 0.200 0.115; sat. liquid
' 100 2.8 6.3 0.200 0.115l  sub#®cooled liquid
i 296 248 2h2 0.200 0.14665  submbooled liquid
Iy 300 248  2hB.7 0.200 04743  sat, liquid
5 330 248 300 0.134 0.5228 sat. liquid
6 110 10 35.5 o.1a% 0.1418  sub®rooled liquid
7 300 248 799 0.7l 1.313 sat. vapor :
: Values assume turbine efficilency of 100%
#%  Values assume turbine efficiency of 80%

Assumed Conditions:

1 1b flow to the turbine throttle; m= 9.3 1bs
We = We = We = W, t3 = min. of 100 *F
3 1 7 L
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VII. COMPARATIVE STEAM CYCLES

The significance of the efficiencies obtained from the smmonia-water
cycle studiés is best anﬁxyzed by comparisoﬁ with an eguivalent steam cycle
operating between the seme temperature limits and with the same limiting
conditions for the turbinme exhaust, turbine effieiencies, etc.

Table VI summarizes the nineteen different steam cycle conditions com-
puted for purposes of coﬁpariﬁcno Figure 13 shows & typical saﬁuratad.steami
| cycle with two open heaters, and Tablé V shows the properties &t the various
1 state points in the cycle together with an indicetion at the bottom of the
- teble of thé method used in calculatiﬁg the therwsl efficlency of the steam
t cycle.

Keenap and Key's Thermodynemic Pfoperties of Steam9 were uséd as a dats
‘scurce and #alues taken from the Mollier Diagram were considered sufficiently
accurste. The total pump work required was assumedias 0.5 Btu/lb in all casges.

As in th& asmmonie-~water powsy cycie studies, the limit to turbine ex-
pansion was taken as either 100 °F or 83.5 percent exhaust qualify (for
100 percent turblne eff;ciency) or 88 percent {for 80 percent turbine eff1c1ency),
‘depending on whichever 1imiting eonditlan is reached first. There are three
exceptions, Ttams 9, 13 and 1k, Table VI, which were ccmputed as specisl
cases. ’ :

Where fesdwater heaters are employed in the steam cycle, simple open-typé
‘heaters were assumed. No allowances wéra made for pressure drops,; hest losses,
ete., =&nd optimum extraction pressures were approximated by assuming that the
temperature rise from condenser hotweli o boiler Baturation temperature is

equally divided among the heaters and the boiler. This principle is proven
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Figure 13. Steam Cyble Study (Case 8, Table VI)

TABLE V

Properties at State Points in Steam Cycle (Fig. 13)

2

Point t, °F psla h, Btu/lb s, Btu/1b~-°F abs Condition

1 330 103.1 1188 1.6002 sat. vapor

2 145 3.4 9568 1.6002 wet mixture
3 1486 3.4 115 , j sat. liquid
4 207 13.3 1038 1.6002 - wet mixture
5 207 13.3 175 ‘ sat. llquid
6 268 40,5 1115 1.68002 wet mixture
7 268 40.5 237 ~ sat. ligquid

Caleulastlons in Stean Cycle (Fig; 12)
Heater No.l: my, = 1237 - 175 = 0.0688 1bs
1715 ~ 175 ‘

0.9342 (175 - 115) = 0.0612 1lbs
1038 =118 :

= (1188 - 1115) + 0,9342(1115 - 1038) + 0.873 (1038 - 958)
= 214.5 Btu/lb (less 0.5 pump work$ = 214.0 Btu/1b

H

Heater No.2: my

Useful work

Heat Added to Cycle = 1188 - 237 = 951 Btu/lb

Net Thermal Eff of Cycle = 214/951 = 22.5%
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in wost thermodynamics texts, such 25 Keenan's Thérmodynamicslo¢ Saturated
liguid wes assumed to leave each heater. These asgumptions are in line

with the same assumptions used in the ammonis-water cycle studies.
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TABLE VI

THERMAL EFFICIENCIES OF STEAM POWER CYCLES

Ttem DBoiler Super- Number Assumed  Turbine EXBaust Fel Thermal
Ho. Outliet heat Fd.Wat. Turbine ~ : Eff. of Cycle
: o . op Heaters Eff., %  Guality OF %
1 280 0 o] 100 83.5 110 21.3
2 280 0 2 100 83.5 110 22,3
3 280 30 0 100 85.8 100 19.9
4 300 0 0 100 83.5 12k 21.4
5 300 0 1 80 86.4 100 20.0
6 330 0 0 100 83.5 146 . 21.4
7 330 0 1 100 83.5 146 22,2
8 330 0 2 100 83,5 146 22.2
9 330 0 0 100 79.4 100 26.5
190 3390 30 0 100 83.5 111 22,9
11 330 30 2. 100 83.5 111 2.1
12 330 0 0 80 88.0 146 17.1
13 330 0 1 8o 85.1 100 21.9
1k 330 30 1 8o 87.6 100 19.8
15 360 0 0 100 83.5 171 21,2
16 380 -0 o 100 83.5 188 21.0
17 380 ) 1 100 83.5 188 21.9
18 380 0 2 100 83.5 188 22.3
19 380 30 0 100 83.5 148 22.9

(Total pump work = 0.5 Btu/lb in all cases)
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VIII. SECOND LAV ANALYSIS OF AMMONIA-WATER AND COMPARABLE STEAM CYCLES

It was stated previouSly that the ammonia-water1power cycle appeared
attractive in that the heat could be ad&ed in the boiler at & higher average
temperature than in the boiler of & steam system, but the dats presented in
Tebles IT and VI indicate that the thermal efficiency of the smmonia-weter cycle
i§ less than that of a steam cycle. In prder to explain more Pylly why this
situation existe it is necessary to make a thermodynamic study based on & second
l&w analysis. If the overall changes iniavailability‘anﬂ effectiveness are
found for each piece of equipment in the cycle for both the ammonis.water and
the steam systems, the thermodypamic effect that esch bas on the thermsl efficiency
can be evsluated. The particular processes in the cycle that cause one system |
té have an advantege over the other is then apparent.é

| Keenanll states, "Availability mey be defined es the maximnm‘work which can
rgsult from interaction of system and medium when onlj cyclic changes occur in
ex%ernal things except for the rige of 8 weight." If minor effects are neglected,
aéailable energy, or the aviilability function, may be defined &s, b = h - T s,
For the dead state, where pé is 14.696 péia and t, is ?5 0F, this function is
vritten, by = B - To0- |

. Meximum work would occur when all the availeble enefgy of the ﬁorking sub~
stance is convefted into work, the magnitude of which would be (b - bo). For
any internal prbcess the chenge in aveilability per pound of working fluid is,
Abz = fh - TA . When the change in availability of the external surroundings
islconsidered, the sum of these internal énd external éhanges will ée the overali
change in availgbility, and is designatea’by I. The idesl value for I is zero,
but in actual equipment it i1s always less than zero, reflecting the irreversi-

bilities that are present. Effectiveness; E, for the cycle can be defined ag
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the ratio of the net useful work of the cycle to the overall loss in svailsbility
by the heat source. The effectiveness of a varticular piece of quipment in
the cycle is defined as the'ratic of the overall gain in availability to the
overall loss in availa’bilityo |

Table VII summarizes the results of & study mede to deterﬁinekthe changes
in availability and effecti&eness of each piece of equipment in the amuonia-water
and steam power cycles. Siﬁce the tableéis based on a net output of 1 Kwh, the
grogs turbine outputs reflect the pump work reéuired for the cycle. In the sb-
sorber of the ammonis-water system, it may be ﬁoted thet there is approximately
three tines th§ loss in available enargy%than that which ocours in:the condengex
af & steam system. This can be explaineﬁ by the fact that the turbine exhaust
in the ammcnia}water cyele is at @ higher temperature:than the minimum temperature
for hewt rejection. Since the pump effiéiency has little effect on the overall
thermal efficiéncy of the sycle, for simplicity it has been assumed 100 percent
a#d thereforey‘the pumping proeess has zero change in7availahilityzand 100 percént
effectiveness. It should be noted, hoﬁever, that the high clrculation rate
through the pump of the amm@nia-water system makes the pump work épproximately
10 times greaher than that required in the sieam system. This higher circulation
rate also affects the heat exchanger in the ammonia-water system in that even
though the sffectiveness of;the exchanger is higher than for the feedwater
héaters of & steam system, the overall loss of svailability is gre#ter than
iﬁ the steam system. Algo, a @omparisoniof the amounﬁ of heat transferred in
the amsonia~water exchanger and in the steam syetem.féa&mater heaters indicates
a,considerablyilarger physical size for the former even though several feedwater
heaters are uséﬁo In the boiler the effectiveness was greater anﬁ%the change in

availability less for the ammonis-waiter system than fqr the stesm system in



TABLE VII

Becond Law Anslysis of Ammonia-Water and Comparable Steam Cycles
1 kwh Bet Output , ,

g or W
Py
HH3~HEO Steam
Case IITY end Ttem 5 Table VI
Turbine + 3,540 + 3,415
Absorber/condenser - 18,0020 - 13,560
Pump - 135 - 3.3
Heat exchanger + 45,000 + 1,490
Boiler-analyzer + 21,450 -+ 17,000
Cycle
Case IV and Item 13 Table VI
Turbine + 3,510 + 3,400
Absorber/condenser . - 18,100 . . 12,200
Pump - 96 6e2
Heat exchanger + 30,500 + 1,630
Boiler + 21;500 + 15,610
Cycle
Case V and Ttem 14 Table VI
Turbine + 3,540 + 3,415
Absorber/condenser - 18,540 - 13,700
Pump - 13k 3.3
Heat Exchanger + bk, 700 + 1,770
Boiler-Ansl. -Super. + 22,000 . .+ 17,200

Cycle

- 8oz
1,550
0

1,186

¥

- 3,957

k19

- 798

- 1,685

0
~ 1,143
- 12

- 3,707

806
~ 1,850
0

1,170
239

4, 065

H

Steam

- 5%
O
- 115

3

2,393
- 855
- 555

o
- 143
- 25,059
- T95

- 652

- 150

- 816

2,413

Niy-H,0

81.5
12.1
100.0
88.6
9443

k5.9

81.6

100.0
83.3
98.h

48,7

- Steam

81.0
22.3
100.0

594
8504

59, 1
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every case. This is explained by the f’éczt that the heat is added at a higher
average tempei'a‘turea Although the initial premise is correct in that the |
effectiveness of the 'boiler in the ammoxﬁia-water cycle is greater; the values
in Teble VII chow that the ‘losses in availability in the other components of
’éhe cycle offéet this gain to the extenf that the steam cycle, when coneidered’
on en overall basis, has 30 percent moré effectivensss and has only about
two-thirds the loss in available energy.

| It can ’né concluded that the amoniawater systém haé no significent
’qhermodymmic advantage over a steam system &s & means of converting hesat intoi

useful work.
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Sample Calculations - Case III (Second ;law analysis)

Turbine:

Chenge in internal avaeilability,

sby = &b - Tps,
but, &b = -W = -172 Btu/lb,

TéAs = To(sg,i - 81), |

TAs = 535(1.385 - 1.313) = 38.5 Btu/lb,
then, Ab; = - 172 - 38.5 = -208.5 Btu/lb.

Change in external availebility,
hbg = W = 172 Btu/lb
Effectiveness is then,

‘ Hbe 172 _ I}
E = z; "85 - 815 /0

Overall ¢hange in availability ie £hen,
I = Aby + by = -208.5 + 172 = -38.5 Btu/lb.
Absgorber:

Change in intermal availability,

bb; = AH - TAS,

but, OH = Q. = -868 Btu,

and, ToAS = T, [(m - 1)(s3 - eg) + (55 - 51)],
TS = 535 [8.3(0.115 - 0.142) + (0.115 - 1-3:85ﬂ%
TAS = -T95, |

then, Ab; = -868 + 795 = -72.9 Btu

4

Change in external availability, assuming cooling water in at 75 OF,
o)

and out at 85 'F,
Abe = AH - TOASy
again, AH = Q = 868 Btu,



L&
and, TAS = mlo(sgyut - Sin)s

where m = and Ah = 10 Btu/Ib cooling water,

Bk

m = 8608’ lbg,

then, Abg

86.8(535)(0.102& - 0.0839),

8.8 Btu

il

Hbg
As this energy is not generally recovered it should not be credited to
the cycle.

Effectiveness is then;

_ abg
E =y

8.8 ,
E = =55 = 12.1%

Overall change in ava:uabnity 1s,
I | =  Abg,
I = ~72.9 Blu

Heat BExchanger:

Change in availability of "m" stream,

moy = m[(y - B3) - Tolsy - s3)] »
vhere m is 9.3 1bs as in sample calculation of Case II.

then, Aby = 9.3 Beke - 6) - 535(0.467 - 0,115_5], |
b, = 439 Btu '

Change in availability of "(m ~ 1)" stream,
Dbyl = (m - l)[3h6 - bs) - To(sé - ssi] s
Abp_ 1 : 8.3 [335 - 300) - 535(0.1%2 - 9«52551:

Abg_ -496 Btu.

]

H

Effectiveness,

g = Sn 439

Byl ° THGE

E = 88.6°/,

#
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Overall change in aveilability,

I = Aby + Ab y,

I

]

439 - 496 = -57 Btu
Boiler and Analyzer:
Change in internal availsbility,
Aby =: OH  -T A8,
vhere, AH :: Qin = +1032.8 Btu,
and, TAS = T, [(m - :L)('ss5 -8,) + (s - s,ﬂ, ‘
TAS = 535 [(8.3)(0.523 - 0.467) + (1313 - o.b,éﬂ,
TAS = 70l Btu, | :
then, Ab; = 1032.8 - 70i = 332 Btu
Change in external a?ailability, (assuming heating steam saturated at
350°8), |

~'Qin - mmo(sout - sin)’
vhere, m = -Qin _ 1032.8

Ah{steam).  “870.8 ,

b,

#

1.18 1b. steam/1b vapor to turbine,

m

then, mPAs = 148(535)(1.075&) = 680 Btu,

ab, = -1032.8 + 680 = -353 Btu
Effectiveness,
E = &bi .33
Abg -353 -
E = 9k o/o

Overall change in availability,

I = &by + 4be = 332 - 353,

»

I ~ 21 Btu

il
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Cycle Effectiveness, ;
W/ab, (boiler) = 164.8/-353,
6.4 O/,

B

E

In order to correlate the above results with the quantities reported in
Table VII, it is necessery to multiply them by 20.85 This conversion factor

iis the required mass flow‘rate to the turbine necessary to obtain & net output

of 1 kwh.
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- IX. RECOMMENDATIONS FOR FURTHER STUDY

The writers believe ﬁhat the ammohi&-water power cycle showé so little
‘promise that further study of this working fluid is not warranted.

A two-subgtance working fluid whe:ein water is the more veldtile component,
such as a lithium chloridé—water combination, possibly could have better thermal
efficiencies than that of & comparable:conventicnalnsteam cycle.
| The properties of enthalpy and entropy are essentisl wvhen mgking & heat-
power cycle étady. If little-known suﬁstances are used as working fluids a
great deal of preliminary effort will be required to determine pufficient

‘accurate property data.
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