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A general thermodynamic study of ther~ochemical ene rgy 

transfer an1 \·10rk production proce s•3(~s is pre sented. Both 9aseous 

systems in which the effluent o f each re3.c tor is not separated 

into the reactant and product spe cies, and liquid/gas systems in 

which the effluent separar'1.te s spontuneously into liquid and gas 

phases, are treated. The study extends to consideration of 

non-isothernal reactors, to the ind i vidual roles of reacto r and 

heat excha.r.-;_rer in the work production processes, and to the 

significance of the intrinsic wo rk of p ~as~ se2~ration. ~he 

overall systei,1 •=fficiency is derived as the produ·.:: t of two 

e ffici e ncies: the energy s·::o r.a.ge efficiency w'licli defin,c?s the 

fraction of the input en,~rqy pa sse-:l in chemical form to s i:orage 
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and the work recovery efficiency which de fines the fraction of 

this stored energy available as output work. 1'h1: fundame ntal 

thermodynamic processes underlying the deriva tion of these 

effic iencie s is examined from the point o f view of optimization of 

the design and operation of individual syatem components. In 

particular, it is shown tha t the available work from a 

thermochemical energy transfer system a?proaches the maximum value 

given by the Gibbs' fre e e nergy change whe n the t emperature 

profile of the exothermic reactor is suitRbly tailored. 

'1' '1e '70r: }~ o -: s0.0 J. r c1.tio n h =t~, .Corme d th•::: u:i.s ·i. .~ o f i:h • a11:1. lysi:::; 

of specific system cornponen.ts and has given a useful insight into 

t he understanding of ene rgy s t orage ef .Fic i. ency . m">rk recovery 

efficiencie s are calculate d f or the arr .. mon.ia / hyclrogen-nitrogen 

syst2m and the paper concludes with a discussion of some pr actical 

consi dera tions r elati~g to the rc~covery of wor.k and tb.e 

performance that one rr.ight ultimately -2:-<:pect f1~om this system. 
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1 • Ir.fiROI)UCTION 

Considerable interest has developaJ r e cently into t he use of 

reversible chemical reactions both for transporting energy from a 

solc1r collector array to a c entral pcwe r gen,3rc1ting plant and for 

transporting high grade heat from ni..:.clear power plants . A working 

fluid undergoe s an endothermic reaction in absorbing thermal 

ener:;1' at the source or multiple sourc 8 3 and is r e constitute d 

during the reverse exo t 1 ... e rmic r eaction with regeneration of thB 

reaction heat . Distance s over which hi g:1 grad e heat must be 

tra;, sporte tl are minimi s e d b y using a co unte:r f J.ow 11'.:!at exch:;i.nger at 

each of. th2 enc.otherr:1ic and 2xother:r.d. c r eactors thus a llm·'ing t!1e 

workin ,1 f luid to ::,c transport ed over. t he rt:!r,~a i ·lin3 d i stnn c ,::! 

through pi r.e s a t a~ub i 2,1t. t e"'.llpcrahtre . Thcrma:_ l ag,qing is 

unne c ess ary and fu-:- t her r.1ore, co:-is i :ler abl·.1 po t0.:: t ial e xi s ts for 

long t erm lossle ss s torage of energy throu•Jh storaqe of the fluic 

at ambie nt b:mperature . 

In this paper wa are parti cularly intere sted in those 

systems whcr-:. the e nd use of the recove red he at is the productio:a 

of work b1· means of a heat engine. A number of r e versible 

r e actions suitable f or the rmocher,1ical ene:r1Jy transfer and work 

prod uctio::i have been pro:i;osed [1-:i ] ann -::nay be div ided e sse ntially 

into t wo c lass(~s: non-sep arating systens s 11ch as s u l phur trioxide 

d i ssociation/synthesis (Chubb [1]) and ~wo-pha s e s eparating 

systems such a s amr:10:u.ia dissoci ation/ s y, .ti.1,; sis (Carde n [2]}. In 

non-separati ng systems , the exoth".= r.!ni c r na ..:::tor is fed by the 

eff luent of the endothermic r eactor and conversely, the 

endo t hermi c reac tor i s fed by t lw ef::l u~.:1t of t he e xo thermi c 
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reactor. It ; , .. 
-"' a ~sirahle from the poi;-1t. of view of achieving a 

htgh value of stored enthalpy per mol2 that both reactions proceed 

as close as possi'!:>le to coI:tple tion. This requirem,~nt favours 

those reactio~s which, bec3use of their higher reactivity, 

progr(::SS easily tov;ards P-qui libriur1 even at the lower tei.'lperature 

of tlw exothermic reactor . In a ::ldi tion to this restriction the 

choi.::e of operating temperatures i:;; res-'::ricted also, and indeed, 

the endothermic reactor rr:ust always opa r.ate 

temperature than the exothermic reactor. 

a"'" a higher 

an th8 o ther hQnd , liq ·, i:l/-::-•. s s 2p:ic .1 tj nq sy--:tcnis o -: ·::c r 

gr~~ter fl e:-:ibi li ty in th2 c!1oic,~ of both reactions and 

tenpera tun::)s. Rcac tions ne~d not pI·oceed to com?letion because 

t~e effluent of each reactor s e p ~=ate s S?On tnneously into the 

basic reactants ·.d1.ich m::i.y the.:-i be stor e i o::: :!'.:'2circula t a d to the 

reactors in any desire~ proportions. The storage of se?aratc 

components i,stead of ,dxturos of the two enables the achievement 

of high valu~s of stored enthalpy ?f"?r mole without restrici:.in-:,r 

other parameters sue~ as the reaction te~peratures. 

In order to opti~ise t~e operation of a thcrmoche~ical 

energy transfer Sj'Stem it is necessary to gain a .:1ctc:tiled insight 

into -the inherent processe s of energy transfer and work 

production. The thcrmodynamic3 of such systens have been examined 

in several earlier p~pa rs [5-9] but to date the re ~as been no 

general study of the problem. Wentworth .:i.nd Chen [5] have 

exn~ine d ther~ochcmi ca l e nArgy transf2r systems from the point of 

view of establishing criteria for sclectinq the best chemical 

syste r:1s. In p~rticula r, the y have dcrivGd a 'turning' temperature 

T* which characte rise s the operatinq temper~ture range of a 
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systeP1. Their definition of T* applies only to systems operated 

at anb i e r.t pre ssure but in a separate p:i.pe r [6] we have extended 

the definition to all systeri. pressures and furthe:,::-, have related 

* T t o the ma:dmum thermodyna1:1ic efficiency. Expressions f or 

thermodynamic efficiency ha,re been derived by Cox et al [7], but 

a p?lY only to non-separating s y ste ms ope r ating with isot herma l 

reactors and with fluids of equal specific heat flowing in each 

arm of t he associate d hea t exchangers. Cox e t al conc lude that 

for such systems the maxirr.um availahle uork given by the Gibbs' 

free c;1crrrv c 11c.r1cr2 · a t t h ,~ c1Y·i n .::: s _i_1:k t f ~.r·.~ t." .r..:1 ·~.nr 2 c<1nnot h ,::? -~ J I 

approached s ince t he out?ut he at i s ne c essarily pro :1uc e d at a 

conside r ably lower tempera ture t han t he inp ut heat . 

I n this paper, we pr e s e n t a genera l t hermodynamic s t udy of 

both s eparating and non-separating t hermoch emica l e ne r gy transfe r 

systems . The study ext e nds t o consideration of non-isothe rmal 

reactors, t o t he ind i v idual role s of reactor a nd he at exchanger in 

the work producti on proc e sses, and t o the significa nce of the 

intrinsic work · of phase separation. Our purpose is twof old: we 

derive two basic system effi c iencies, the ene rgy storage 

efficiency and the work recovery efficiency; and we examine the 

fundamental thermodynami c proce s ses underlying the d e rivation of 

these efficiencies from t he point of view of optimization of the 

design a nd oper a tion o f indiv i d ual s y s tem c omponents . The energy 

storage efficiency define s the fraction of the input e ne rgy passed 

in che mi c al form to sto rage and the work recovery effic iency 

defines the fraction of this stor e d energy available as output 

work. These e fficiencies are r e leva nt whe the r or not storage of 

the flu ids is actually implemente d a nd our t h•2o r c ti cal treatment 
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is correspondingly quite general. In contrast to the findings of 

Cox et al [7] for the special case of non-separating systems with 

isothermal reactors, we show that t he available wor k from a 

general system may indeed a pproach the Gibbs' free energy change 

if the exother~ic temperature profile is suitably tailored. 

In examining the underlying mechanisms of energy transfer, 

our analysis gives new recognition of the significance of work of 

separation. In an earlier study [8], Soliman et a l calculated the 

work of separation applied externally to the gRseous products of 

scv -:•rc1 l srecifj ~ t:lP •:~1och S!ri1 i cc:t l proce s s t=s . Tl12 y cunc l.1..::le cl that 

processes whe re spontaneous t wo-phase separation occurred were 

preferable, implying t hat t he work of ssparation was comparatively 

snall. Recently Funk [9] has deriv2~ a gen e r al expression for the 

work of s epar atio~ of idea l gaseous products where the s eparati on 

is carried out at t he same ternperatur2 as the reacti0n . In the 

present stuuy w0 dr=1w at"':e n tion to the fact that work of 
separation for ideal gase s reduces with temperature and we show 

that the work of separation for spont aneous processes is 

essen tially equivalent to t he former when the separation occurs at 

the sink ter.1perature of heat engines rathe r than at the reaction 

temperature . Thus we have elucidated t he conclusion of Sol i man et 
al referred to above. 

I ~ this paper, s eparation work refers t o spo n taneou s 

separation into two phase s and applies to s eparating syste ms only , 

although it h~s a more c ompl e x counterpar t in non-separating 

systems . The work of separa tion has formed the basis of our 

analysis of specific system components a nd has g i v en a usefu l 

insight into t he understanding of ene rgy s torage 8fficiency. Work 
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calculate d for t he 

propos e d by Carde n [2] and the 

paper conclude s with a discussion of some practical considerations 

relating to the recove ry of work and the performance that one 

might ultimately expect from this system. 

2. THERMOCHEMICAL ENERGY TRANSFER SYSTEMS 

The basic elements of non-separating and liquid/gas 

separating thermo che mical energy trans fer systems are shown in 

Figure 1 where the e ndo thermic r eactor can represe nt e i ther a 

single reactor as typica l of a nuclear heat source, or a multitude 

of s mul l reactors in paralle l a s t ypi c a l of a dis tribute d 

collector solar powe r plant. The corresponaing t emperature

enthalpy d iagrams f or the t wo sys tems are shown in Figure 2. 

The operation of a non-separating system is straightforward: 

each reactor is f ed by the · produc t mi xture of the othe r and 

counte rflow heat exchangers ensure that energy transport betwee n 

the r e actor s occurs at ambie nt t emperat ur e . The working fluid s 

are g enerally gas mixtures throughout and the re is no provision 

for separating the components. 

Ope r a tion of a liquid/gas separa t i ng system is similar with 

the exception that the product mixtures, wh ich a re two - phase a t 

ambient t e mpera t ure , pass t o gravitationa l s e ttling tank s f rom 

which two separate compone nt streams a re drawn, one liquid and one 

gaseous. These compone nts may pass to stora ge or be r e circ ulate d 

to the counterflow heat exchangers in any d e sired proportion. In 

the h eat exchanger ad joi n i ng an e ndo the rmic reactor the mixture o f 
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component fluids flows along the input channel towards the high 

temperature reactor and, as it is heated, the liquid vaporises. 

In the reactor, heat is absorbed and the product mixture then 

passes through the s e cond channel of the hea t exchanger towards 

ambient temperature, the liquid component condensing as the 

temperature is lowered. In a similar manner, the exothermic 

reactor is fed with a tailored mixture preheated by its adjoining 

he at exchange r. High grade r e action heat is generated within the 

exothermic reactor and may be converted into useful work. 

~·'.or:-: 1nay also b 8 obt.:1..i. ::.e d fr om t: .. :? coun ':,? r Elm, h8 a t 

exchangers which are treate d in this study as additional heat 

s ource s (positivG or negntive ) as we ll as devices which transfer 

he at from one flu i d t o a not her. Beca us e the t wo fluid stre a ms are 

liable t o have significa ntly diffe rent specific heats at any give n 

t e mperature, p arti cularly the r eactants i n two-phase systems, and 

in order to ma~:itain thermal equilibrium within any elemental 

leng th of the two adjacent heat exchanger passages, one or both of 

the following mus t occur: 

(a) he at must flow t o or from external components or elements 

(b) the temperature gradients in the adjacent passages must diffe r 

wide ly. 

The latter process acting alone is dealt with in standard texts 

where it is shown that as a consequence the t ernper a tura profile s 

along the passages become ma rke dly non-linear and non-par2.ll e l 

r e sulting in localise d high temperature differentials be twee n the 

p assages. Under these conditions, the processe s occurring within 

the heat exchange r are c ons ide rably irreve rsible a nd a r e there for e 

not conducive to efficient conversion of heat to work. 
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On the other hand, if additional balancing heat flows are 

provided at the appropriate t emperatures from a device external to 

the heat exchanger : an ideal reversible situation may b~ 

approached in which conductive tempe rature differentials become 

negligible. In this paper we will always consider a heat 

exchanger as a device which produces flows of heat (positive or 

negative) over a spectrum of temperatures as illustrated for 

example in Figure 3 and we will consider that any associated 

temperature differentials between adjacent fluid elements due to 

conducti on are ne gligible. In a sola r e n~rgy system one would 

wish t o approach this ideal for the exother mi c l oop exchanger but 

not necessarily for the endothermic loop exc hangers since for a 

practical system external work will neithe r be adde d nor extracted 

at these locations. (However, the r everse may be true for a 

nuclear power source supplying process he at to many remote 

consume rs.) 

Thus for solar ene r gy a pp lications, it is assumed that the 

exothermic exchanger is operated reversibly as part of a central 

plant. Excess heat from the exchange r is supplied to Carnot 

engines which operate as he at pumps when the excess heat is 

negative, and fluid f riction throughout the system is regarded as 

negligible. The ove rall output work W is then regarded as 

origi natin g from the combination of exothe rmic reactor and 

a ssocia t ed hea t exchanger . Ne m3y de fi ne a work recovery 

efficiency nR as the ratio of output work to chemical energy 

transfe rred from storage : 

nR::::: W/t.H(Ts) ( 1 ) 
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Expressions for nR are derived below in Section 3. 

It is particularly important to conserve heat at the 

endothermic loop and therefore we are conce:-ned with those parts 

along the (ideal) heat exchange r where there is a net heat 

outflow. Generally a heat exchanger may be divided along the 

length of the passage s into positive or negative zones depending 

on whether net heat flow is respectively to or from the heat 

exchanger. In practice, heat from a negative zone will be 

conserved provided there are positive zones of lower temperature 

t o wI1ich it ca n c1ll b :: ,::onduc t c d . IIm1evcr , i f t he n -::!1.:t. t i ve f lo~vs 

exceed the positive flows or if the lowe st tempe rature zone is 

negative , heat must ne cessarily be wasted to the environment. 

This waste heat is clearly the difference be tween the minimum 

solar energy input Q and the chemically stored enthalpy ~H(T
5
}. 

Thus we define energy storage efficiency 

nST = i1H(T
5

)/Q (2 i 

The me thod for evaluating the magnitude of nsT for a given system 

is discussed below in Section 5. 

Clearly, the overall thermodynamic efficiency W/Q for the 

system is obtaine d a s the product of (1} and (2}: 

no = nsTnR ( 3) 
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3. WORK RECOVE'R.Y 

3.1 Formulation 

We consider the general reversible chemical reaction 

Ev .A. 
al. l. 

__,., -- I\J .A.' 
bJ J 

t.H0 > 0 (4) 

in which m moles of the B mixt ure are generated for each mole of 

the A mixture consumed. Stoichiometric proportions are assumed 

amonry:; t the r c ac t i a n c ar<1p~inc n t s fo r Loth !:', and p. mixti1 ces , 

allowin g the reaction to be written in the simpli fied form 

A ~ mB , MIO > 0 (5) ----

The characteristics of any mixture of A and B may be defined in 

terms of the mole fraction x of B or the weight fraction 8 of B 

which, by the r eactio n stoichiometry, are related according to 

6 = X 

m(1 - x) + x 

The extent of reactio n 66 between mole 

given by 

/16 = o (x1) - o{x2) 

fractions 

(6) 

X 1 and x2 l.S 

(7) 

and wi ll alway s bG defined pos itive. Thermodynamic variables such 

as enthalpy change 6H and Gibbs' fre 2 energy change 6G are d e fine d 

on the basis of constant system m~ss equal t o the mass of one mole 

of A or m moles of B. Ort this basis, the number of moles in any 

mi x ture of A a nd Bis given b y 
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N (x) - m 
- m(1 - x) + x 

( 8) 

It is convenient to scale the ene rgy transfer and work production 

calcula tions described be low to unit mass of A gene rated by 

chemical reac t ion. Thus the mole numbers for the two end points 

of a reaction of exte nt 60 are scaled to the value 

n(x) = N(x) / ~o (9) 

Both exo the r mi c and endo thermic r e actions are assume d t o 

o c c ur wi t hin the ideal s o lutio n r egion and t he r efore mixin g heats 

are zero at the reaction temperature Tf . Furthermore, in 

scp~r ating s ystems, the l iquid and gas phase s wh i ch f orm during 

c ooling are assumed to comprise r e spec tive ly pure A and pure B at 

the s ink t empera t ure T
8 

s o that in this ins tance mi xing heat is 

also zero. We are therefore able to relate system enthalpy 

cha nge s sca l e d simi larly to ( 9 ) to the enthalpy o f r e action: 

AH(Tf)/Ao = 6H
0

(Tf), both systems 

( 1 0) 

AH(T5 )/~£ = AH
0

(T8 ), s e parating systems alone 

and syste m free ene rgy changes to the Gibbs' free ene rgy of 

reac t i on: 

AG(Tf) / 8 6 = AG
0

(Tf) - Tf[ ASm{x1 ) - ASm(x 2 )] / A6 , b oth systems 

AG(Ts} /A 8 = AGO(Ts), s e parating systems alone 

whe r e AS (x} is the entropy of mixing . 
m 

( 11 ) 
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In the present study it is assumed that the storage 

r e s e rvoirs and transport syste m are isobaric . However, the liquid 

phase may be stored more economically at ambient pressure as in 

the case of ammonia which is refrige rated to - 34 °C. The 

introduction of a separate reservoir tempe rature TR distinct from 

T 5 will be dealt with in a future pape r together with the que stion 

of incomplete separation at T8 (mixtures of A and B in each 

phase ). However, studies so far show that the errors introduced 

by our simplifying assumpt ions in this paper a r e small. 

3.2 Energy Tra nsfe r and Work Production 

For the purposes of t he pre s e n t study i t is c onvenie n t to 

r eturn to firs t princ i p l e s in ord e r t o i denti f y the fundamenta l 

pro cesse s oc c urr ing wi thin the e>:othe r mi c loop of a thermoche mica l 

energy transfe r system. A s chematic diagram of the energy 

tra nsfe r proce sse s i s s hown in Figur e 4 i n which t he recircula tion 

components are omitted in the case of a non-separating system. 

Figure 4 models a reversible syste m c a pabl e of degene ratio n i n to a. 

real reac tion process. Components A and Bare treated as single 

fluids, a simp lification which c a n be r e a d ily va lidate d, and the 

flow quanti t i e s are scale d acc o r ding to (9) so that unit ma ss 

unde r goes chemi cal conversion . 

Three s ourc e s of availa b l e wor k are i d e ntified , the fi rst 

being the he at exchange r whe r e it is assume d. tha t ope ration is 

r eversi ble as des cribe d a bove with nett work gene r ation e qual to 
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where the integrand represents the 

infinitesimal Carnot engine at T. 

We define 

QH = 6H(T
8

) - tiH(Tf) 
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( 1 2) 

contribution from the 

( 1 3) 

which is recognised for separating systems as an effective latent 

heat of vaporisation of A. The factor d( 6H)/T occurring in (12) 

is a differential entropy and it is thus conve nien t t o d e fine also 

a characteristic temperature TH such that 

OH 
TH = 

LiS (T
5

) - LiS (TfY 

Equation {12) the n r e duces to the simplified f or m 

QH [ - 1 WH = t o Ts] 
TH 

( 1 4) 

( 1 5) 

which is equivalent to the work output of a single Carnot engine 

opera ting between reservoirs TH and Ts· 

Equations ( 13) , ( 14) , and ( 15) also specify the quantities 

QHo' THo anc] WHO d e f i n e d as the values of QH , 'I'H and WH 

respectively when tio equals unity. These special case quantities 

depend only on the prope rties of A and B since they describe the 

situation when the heat exchanger passage s conta in respe ctively 

the two pure components. For separating systems we are able to 

write , from (10) 

QHo 
;:; QH/A ~ ; AHO(Ts) - 6Ho(Tf) ( 1 6) 
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T,vo other sources of available work are located within the 

isothermal reactor of Figure 4. A total of n(x
1

) moles of 

reactant mixture leaving the heat exchanger is separated into the 

respective partial pressures (partial fugacities at high system 

pressure) of the components A and B by passage through a pair of 

semipermeable membranes. Neither energy transfer nor work 

production occurs at this stage. Each component is then expanded 

to its chemical equilibrium p a rtial pressure by means of a 

reversible isothermal expansion engine. This process produces 

work .1.nd c.tb.s .-:,r:!)s he r1 t r e s ul t i n,:-~ rr~f;pec t ive ly i n a d;;;!crc .:i.::.c o f f r ee 

energy and increase of entropy of the compo nents passing through. 

In c ontrast , the enthalpy will be unchange d since the mixture i s 

ideal. 

A total of m mo l e s of componen t B then passes through a 

membrane i nto a vessel containing a mixture in chemical 

equilibrium at the system pressure and at temperature Tf• In this 

vessel m mole s of Bare converted to 1 mo le of A and heat ~H
0 

is 

released. Constant mass and composition are maintained in the 

vesse l by withdrawing at the s ame time through a s e cond membrane 

the one mole of A which has been produced and this is added to the 

bypass A. Both A and Bare the n compressed isothermally to their 

final partial pressures (or fugacities}, again by means of 

reversible engines, and finally the two components pass without 

e nergy transfer through a third pair of membranes to form the 

mixture returned to the hea t exchanger. Since all processes in 

this reactor system are reversible and i sothermal, it follows by 

d e finition that the ne t worl~ output from the engines, our s econd 

source of available work, is in fact the t ota l free ene rgy change 
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Similarly, 

Furthermore, 

because all processes outside the vessel are isenthalpic, the 

system enthalpy change 6H/66 equals t h e v e ssel enthalpy change 

6H • Thus, employing the standard relationship between enthalpy, 
0 

free ene rgy and entropy, the above heat outp ut is e xpressed: 

Tf!:,S/66 = 6H
0 

- 6G/66 ( 1 7) 

Part of this heat may be converted in a Carnot heat engin e to form 

t l1e t hi r d s ourc0 of a v a i lnh l e wor~ f r o~ t ho s yste~. The to t al 

available work from the three sources is therefo re 

wr e v 
0 

= AG(Tf) /66 + ( AH
0

(Tf ) - AG (Tf ) /66 ) [ , Ts] 
Tf 

+ QH [ 1 - : : l / ho ( 1 8 ) 

In practice, the free e nergy compone nt repres e nted by the 

first t e rm of (18) is not fully a vailable as work, being first 

irreversibly converted into heat within the rea ctor before being 

partially conve r ted i nto work by the adjoining Carno t eng ine . The 

difference between the total reversible work available and W
0

, 

the wo rk a v ailable in practice , is therefor e 

a n d he nce 

TS 
T l\G(Tf)/ll. 6 

f 

W = 6H ( T ) [ 1 - Ts] + Q [ 1 - Ts]/ 6 o 
o o f Tf H TH 

Moreove r, the r e vers ible work Wrev 
0 i s i denti fied .:l.s 

( 1 9) 

t h e stored 
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Gibbs' free ener,_;y 6G(T
5

)/6o by substitution of equations (13) and 

(14) in {18) and by application of the standard relationship 

betv:-ee::1 the::modynamic quantities referred to above. This result 

is in accordance with established theory an1 confirms the validity 

of ( 18) . W•z are therefore able to derive from ( 19) 

w = 
0 

T 
6G(Ts)/6 o - Ts 6G{Tf)/6o 

f 

3.3 Work Recovery Efficiency 

(20) 

Wark recovery efficiency is expressed from (1) in terms of 

(20) and the correspondinq stored enthalpy as 

llR = 

which is the 

T 
[ C:.G('rs) - T

8
6G(Tf)]/MI(Ts) 

f 

gene ral result for iso the rmal 

( 21 ) 

reactions. 

Equation (21) may be extended to a gen8ral reaction temperature 

profile by d-::ve lopment of an integral form for nR, a convenient 

form being 

nR = 
JnR(T, x)<l o 

6 0 (2 2) 

where nR(T,x) is the limiting value o f (2 '!) c.s the reaction 

extent 66 is reduced to zero 

w.i th /\G (T) replaced by ac j 
60 TT T 
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and liH(T5 ) by att I . b.o "a6 
TS 

Equation (22) is useful if charts of constant nR(T, x) are 

available such as Figure 5 for t1-.e ammonia/nitrogen hydrogen 

system. Such charts may be prepared by calculating nR(T, x) in 

the ideal solution region using the limiting value of (21) to give 

nR (T, x) = 

aG j 
38 T -

s [

(1 
RTsln -

( 1 

dHl ,-;r 
rl J 'r 

·s 

- xe) x:~ 
- x)x 

e (23) 

where x describes the eguilibriam mixture at T. Equation (30) is 
e 

derive d by taking the li~it of equGtion (1 5 ) after substitution of 

standard logarithmic expressions for th8 the rmodynamic quantities 

and 

t:. S ( x ) = - RN ( x ) [ x 1 n x + ( 1 - x ) 1 n ( 1 - x ) ] 
m 

6G ('r) 
0 

= -RTln[/txJ 

( 2 4 ) 

(25) 

The partial derivatives in (23) equal respectively liG
0

(T
8

) and 

liHO ('I's) for s eparating systems according to (11) and (10), and 

for non-separating systems may be take n equal to liG(T
5
)/lio and 

6H(T
8
)/ li6. The s e results veri f y that n R reaches a maximum value 

L1G(T
8
)/6H (T

8
) , or speci f ically 6G

0
(T

8
) /AH

0
(T

5
) for separati ng 

syst•~rr.s whe n the r2action path follows t he equilibrium line, and 

t hat reaction paths running closely parallel to thu equilib~ium 

line will yield r ecove ry efficienci es approaching this maximum 

value. Thus we rn.:1.y d e t ermine from the r eactor temp::?raturc profile 

the maximum work availabJ.c from both :c8 actor a nd he a t e xchangzr 
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without specific or detailed knowledge of the contritution of 

either. 

· k -f · · max · l d The rna:nmum wor recovery e t icie~1cy nR is re ate to 

* the effe ctive temperature Tc by the Carnot equation 

max 
nR = 

TS 
1 - -

* 
Tc 

We have s hown elsewhere (61 that 

* 

* . T l.S 
C 

related to the 

t e rnp,:rature T intro.:luccd by Wentworth and Chen [5] 

temperature at which neither the forward nor the reverse 

(2 6) 

turning 

as the 

reaction 
,re 

• • 1- 1~ 0 ,.. , r '~-:. i ,~, l e nc ·- , . t· 1n~f-., c · • 1 -·+- . ,. f 7--, ,. , ,1 T : <"• 1..1.1 a _,. - - !ll~-i. - rr. _.t~ , ... g.! r . .:, ___ r "'., ..... e"1 1 .., _,:n,_n ,.~ - . c .LC, 

related to th~ variabl s s in the prese nt study acc ording to 

* '].' 
C 

= 6H (Ts) /L-.S (Ts) (2 7) 

* Thus for s ystems where Tf exceeds Tc it is possib:e under 

certain circumstances f or t he available work from th2 r a actor h e at 

t o e xceed th:~ .:ma ilable work W from the s y stem i n ·which case the 

available work f rom th::~ heat cxcr.a~1ger must be n eg:::i. ti ve. 

4. SEPARATION WORK 

4. 1 Identification of Loop Wor}: 

our s t udy so far has been ge nerally a p plicable to all 

thermocher.1ical e1:e r gy trans fe r sys t ems and we h ave obtained 

result s related t o overall system perfor□ance . t-Je now direct 

atte ntion to the performa n ce of indivldu a J components, 

particularly the exoth 1:!rrni c r e a:::tor a nd heat exch:rng2 r, and to the 
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manner in which the available work contributions from both add t o 

give the known output W
0

• Because the treatm~n t depends on 

separation work it is strictly app licabl e only to two-phase 

separating systems. However, si!"li lar but more complex mechanisms 

proceed in non-separating systems so an insight into their 

behaviour may be gained also. 

We begin by rewriting the output ~~ork equation {20) for an 

isothe rmal reactor u s ing the standard relationshi p bet,.'\•e en Gibbs• 

free energy, entropy and enthalpy, ~ogethc r with equations 

( 1 3 ) , { 1 4 ) and ( 1 5 ) 

w 
0 

= IIH0 (T f ) [ 1 - Ts] 
Tf + QHo[ 1 - T:5

0
] 

( 11) , 

- Ts[6Sm(x2 ) - 6 Sm(x 1 )J / L1o ._(28) 

The first two terms n~y b e identified res p ~ctively with the 

Carnot work avai l a b l e from an irrevers~~ le iso t~e rmal reactor and 

the ma:;:imur:1 possible value WHo o f he at exchan,Jer work. We now 

identify the thi r d t e rm a s the wor k require d for spontane ous 

separation into A and Bin the ge neral case wh ~n the fluids are 

mixtures of the two. Our analysis is based on t he well unde.rstood 

proc ess of sepa r a tio n of ide al ~2ses by applicatio n o f external 

work and we conside r initially the thermodynamic cycle shown in 

Figure G(a) in which a two c omponent i d eal solut ion of A and B 

char-lcterised by mole fraction x of Bis c ool e d from a source 

t e rnpe ratur,~ T f to sink tempera t ure Ts • At T 
8 

the comp o n ~nts of 

the ideal solution are separ ate d revers ibly by input of external 

wo rk w5 (for e x , mple b y s e l e c tiv e compres .~i o n o~ the i ndi vid u a l 

components to the system press ure) and rej e ction of an e q ual 
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amount of heat. The unmixed components are then heated to 
.,, 
... f and 

mixed reversibly to comple te the cyc le. Since mixing heats are 

zero throughout , the heating and cooling arms of the cycle are 

indistinguishable on the T-H dia gram. 

The e:itire loop comprises a single heat source Qf at Tf, 

heat rejection Q8 at T
8 ancl nett work production Wf - w8 • The 

cycle therefore constitutes a single Carnot engine with output 

work given by 

wf - ws = Qf [ 1 -:s l {29) 
.1 £ 

Since zero enthalpy c:1Rnge occurs at Tf' both Qf and Wf assume the 

same value Tfi'l Sm{x) equal t o the r eversib le i.3othe rmal work of 

:mixing . By substitution of this value i n::o {2 9 ) we obta in an 

e xpressio n for the externally appl ied work of s eparation 

ws ;;;; T 8 6 Srn{x) (30) 

We now turn our attention to the c a.se of interest whe re the 

separa tion proceeds s ~ontane ous ly. Th e equivalent thermodynamic 

cycle is shown in Figure 6(b). In this case , the excess heat of 

mixing defined b y 

A}IE(x, T) = H(x, T) - (1 - 0 )H(O, T) - 6H (1, T) ( 31) 

is not z~ro except at TS where the system c omponents are fully 

s e parated a nd also within the ide al solution r e gion at high 

t emperatures. We may again reduce t he system Lo a single Carnot 

engin2 opera ting with the same h e at input Qf as before, but with 

nett work outp ut given by Wf - WL where WL i s the loo p work 

associate d with travers ing th•~ c ompl 2te cycle. Thi.l ·!: is, 
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WL (x) = p[6HE(x, T)] [ 1 - T;] (32) 

TS 
By following the same argume::1.t as before, we deterrr.ine that the 

magni tude of WL(x} is given by Tsl'. Sm(x) and that an equal value 

of heat is rejected at the sink. Since, in trave rsing the cycl e 

the components successively mix and s eparate as in the first case, 

and by drawing analogy with (30), we obtain the i mportant result 

that the loop wor'.< WL (x) is the work o f separation w
8 

{x) • 

Thus by analogy with the case for ideal solutions, any 

mixture being cooled from the ide al soluti on r e gion may b e 

regarded as und,~rgoing phys ical separation at Ts by applic ation o f 

exte~nal work w5 p rovided the mi xture i s c o ns i de r e d to b e v i rtual 

i n the sense that it possesse s the thermal p r operties of the 

unmixed compon e nts . This res 1-1l t prov ides the link b :etween WH 

{dependent on a specific mixture of components) and w
80 

(dependent 

on t he properties of the unmixe d c omponents ), a link which wil l be 

d erived forma lly and expressed in equation (3!1) below. 

4. 2 Thermodyn amic Si9nificance 

The s eparation work i s a function of the composition of the 

Pd.x tLtrc and is pro por ti onal t o TS provide d t hat Tf occurs within 

t ~1e ideal s olut i on regi on . Fure1e r reore , with this p r o v iso , the 

separatio n work is indepe n d ent of the natur e of the pro ces s by 

whic h the compon0 n ts are s epa r ;i t e d . Identification of the loop 

work give n by (3 2 ) forms the basis of the calc ula t i on of ene rgy 

storage efficien cie s d o s c ri h e d in the f ollowi ng s e ction and in the 

accompa1iying paper (:-villiams a n:!. Carden [ 9 ]) . •.r h e se!;)a ration work 
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for Figure 6 (b) may =1.lso be expresser'!. in terms of an equivalent 

temperature anc=t. ent:1alpy change for each branch according to the 

concepts described for the derivation of (14) and (15). Thus for 

positive w8 , the equivale nt temperature of t he mixed branch must 

always b e l e ss than the equivalent temperature of the unmixe d 

branch. 

We are now in a position to identify the last terms of the 

available work equa tion (28). The sep :1.ratio n work assoc iated with 

the exothermic reactio:.-i loop of the ther moc'1e E\ica l energy transfer 

c vcle s 1-w 0.-m. L1 Fiq1.l:C;! 2 mc.y b e c a l c u l a ted s i m::i l y f r on1 the 

differe nce b e twee n th-=! vs.lues of loop 

obtain for the separation work 

work at 

L'iWS = T5 [6Srn(x2 ) - 6 Sm(x1)]/lo 

X 
1 

which is the sa::,1e as e1e last t0rn s in eq·..1atio n ( 28). 

a n :l x2. W,9 

( 3 3) 

Co :nparison 

of (19) a nrl (28) using (15) and {16) g i v8s the f'.lrtL...:: r r e sult that 

nw
8 

= QHoTS [T~ - T:o] = WHO - WH (34) 

and, as we have anticipated above, b.W5 may be o f ei the:c sign. 

The nature of the origin o f the s e para t i on work as sociate d 

with exothermic reaction loops has therefore b e en identifie d. The 

work is externally applied in the sense that th,~ f u l l work WH
0 

which woul d have been u.Vu.i l a ble f r m~~ t h e he at excha n-j',:: r had t h e 

compone nts b2e n unn ixe d is reduce d by t h f..! rJua n t i t y /:,,WS. 

In the case of t h e endothe rmic r e action loop, where the h eat 

source normally supp lies net heat t o t h8 heat excha nge r, the 

separation work is r1'=L1ted to the ability oE the sour c e to do 
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Carnot work and t o the heating and subsequent cooling o f t h at part 

of the liquid f eed that remains unconverted to B in the rea ctor. 

The net effect of the se two latter processe s is the t ransfer of 

h e at fron t he source at one ef f ec tive tc□Jeraturc and the return 

of an e1ual quantity at another t emperature. The co:isequent 

change in available Carnot work from the source is the quantity 

6. ws. 

What happe ns t o the returned heat d epends on the magnitude 

of the heat excha n ge r input QHo and its t emperature spec trum 

d [ oH (~' , ] / d :i.' (il l us~c .1. t <.:! cl i n F i 9un· 3) , fo r c l ec1rlJ if i t i s 0 

possible to cho ose a te~perature TA such t l1~t the r eturne d heat in 

thf~ r,:l n g~ T 
8 

< T < TA exceeds 

TA 
J d[ l.\H

0
{T)] 

TS 

t hen the difference will not b e effectively absorbed by the source 

and !tlUSt t herefor e ;:,e wasted . This is t ~e origin o f the 

inefficiency discus sed in the next s e ction. 

5. ENERGY STOR1-'\GE EFFICIENCY 

5.1 Limiting Effi c iency 

Ths loss mecha nisn~ associatc1 wi th energy storaJ8 may be 

explained partly by me a ns of general the r modynamic arguments and 

p;irtly in t erms of s p e ci fic molecu l ar models. v1e have already 

pointed to a link between ene rgy l oss and separn tion wor k, t he 

eviden c e for which is b ased on the r :nodyn;imi c arguments , but it i s 

no t possible to d e v':! l o ;:::i t':-ii s link furth e r vith0 ut a s pecific 
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molecular model. Nevertheless, a lin iting value to energy storage 

efficiency may be established from the therModynamic argume nt 

which wa now present. Proceeding 

* case Tf < Tc 

from 

where 

equation (2), and 

cons idering only the Tf is the maximum 

temperature of the endothermic rea.ctor, we obtain for the maximum 

wor!-;;. available from the source 

w max < 
t,H(T

5
) 

11 ST 
[ 1 - ::] 

* Since the recovere d work cannot exce ~o. W.,.,, . ...- nor t,H (Tc ) ( 1 - T ._./T 
,, , l. . ;::, ;:;, C 

it fol l ows that 

T 
1 - .....e. 

- . 'l' < 11 ST 'I' 
1 - S 
~ 

* 
Tf < Tc ( 35) 

T 

* 
C 

In the ranqe Tf> T mo l ecular effec ts c ontin~e to ona r a tc and 
- - C ~ 

it 

does not necessarily follow that here nST is unity. 

The relation (35) holds fo r both separat ing and 

non-separating syste ms and explains ,,,:hy non-separating sys terns, 

which necessar ily operate endothe r rr.ica lly well above T*, tend to 
C 

have higher storage efficiencies than separating systems. Thus, 

although separ ating systems poss~s s slightly lower storage 

efficie ncies, this may now be p l aced in proper perspective in 

relationship to t heir adva ntage of being able to ope r ate at lowe r 

t e mpera t ures. 
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5.2 Energy Storage Efficiency 

The value of energy stora0e efficiency defined by equation 

{2) may be d~termined for a given endothe rmic energy trans fer l o0p 

directly from the temperature-enthalpy characteristics of the 

system as shrnvn in Figure 7 for a liquid/gas separating syste m. 

The enthalpy requirern-~nts of the endothermic loop are shown in 

Figure 7(b). Clearly, sufficient heat Q must be drawn from the 

source to develop the maximum value LiH of enthalpy requirement. 
max -

'i'h 8 h2 a t m2.y b e! s uLr• li ~rl t n t h :! h e:.-1t c;.:•::: h :in g ~r. .=:t t t h(·• d .L f::2ren t 

temperatures requi red or, in a prac tic~l solar absorbe r, perhaps 

at signific~ntly higher t e mperatures with irreversible d egradation 

of the heat by condu ction along th~ heat exchanger. 

Since h ea t rej ected from the endo ther ~ic loop cannot be 

uti1 iz~d in a practical distributed solar pm,er plan t, w.a obt~in 

the result that 

n 
ST = t.H(T8 )/t:iHmax (36) 

Clearly, the storage efficiency equals unity for any syste m in 

which AH equals AH(T8 ), a condition which often occurs in max 

non-separating systems. The maximum enthalpy differ ence for a 

liquid/gas separating system is generally coinc i dent with the dew 

point teMperature of t he output fluiCT, as seen froM Figure 7. 

Actu~l values ot lJST for a given syste~ can only be de tGrmined i~ 

the tcmpera.ture-antha lpy characteristic curves are known for all 

mixtures o f 

i nforwation 

engine:?e ring 

reactants over a 

is not generally 

wide t emperature 

available within 

range. Such 

tbe cher11ical 

literatur e . It has th0re fore been nece s s ary in the 
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case of a!nmonia/nitrogen-hydro1en to generate the required data 

from available phase equilibrium measurements, and from the 

r~quiremcnt that a given syste m be thermodynamically consistent. 

In pnrticular, the shapes of the characteristic curve s must be 

consistent with the criterion that the loop work calculated by 

means of ( 6), (31) and (32) for a g iven mixture equals the 

separation work for the mixture. A full description of the method 

as npplied to the aMmonia/hydrogen-nitrogen syste n is given in the 

accom?anying paper [10]. The results show that the energy storage 

::•ff i. c .ien c ~' :::t[lL) l'."•:::>"1r:,1(!3 t !12 m.1::i.i"'!u~1 V Q.lU •J of :.mit::,_r .=i s t hi:.: 

endothermic reaction approaches compl2t.ion, and valu e s exceeding 

0.90 arc obta ined prov iding that the r e action extent e xceeds 60 %. 

This result is enci.,ur a g ~ ng for tr!e potenc.L1l u se o f liquid/gas 

s eparnting thermochenicc.1.l systems in sola r pm,cr plan~s. 

6. PRAC'T'I C.!=·.L CONS IDERP-.TIONS 

We have explor::~d the r,1a:-.i :[1u:i1 w•:i r'i< ::ic,tenti.:'ll of an energy 

r ecovery system comprising an exothermic ruactor anj associated 

heat exchanger and our results i m9 ly that although the average 

ternperatu~e of the r e actor may be incre F.1.sed to the point where the 

available wor!..: recove rable from that conpone:i.t approaches ~H
0 

(Tf), 

the countering effec t of the hea t exchang e r '.v"Ork Q
8

(1 - T
5
/TH), 

which way be of either sign, limit3 the tot~l available work to 

b.G0 ('1'5 ). From a prac t ical point of vim-1 it may b-3 difficult to 

extract the available e~changer work involving as. it generally 

doGs the utiliz::i.tion of relatively low <Jr 2.d e hc~at. However, it 

nossible to choosG c ond itions enabliI1cr t he neat exchanoer work L J J 

J_ r • ~, 

to 
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be zero or negligible, and the exothermic loop of Figure 7(a) has 

been specifiGally chosen to illustrate this situa tion. The 

available heat from this loop is shown in Pi3ure 7(c) and may be 

divided into four broad zones. Zone A is that encompassing th~ 

reactor, B the heat exchanger above the condcnsa tion zone C, a_nd D 

the evaporation zo~1e. The mean temperatures of th,;? zones, the 

corresponding values of difference in LiH a.cross the zones and the 

available nett work 

Mv = f d("-.H) f 1 _ Ts] 
l T 

for a sink t E::I'1perature. of 3JO Kare listed in Tahle 1 together 

with t he percantage ava ilabl•.3 worl: f:cor,, e a-.::!h zone . It is cl~ar 

that most of the av:J.i lab le work is produced in the r,~ac tor zone A 

and the availc1ble u o rJ: value s frorn zones B, C a rn1 D .1.lmo::;t cat!cel. 

However, it is unlikely that 1_,.rork could b e deriv=d practically 

froP.1. zone C for the purpose of punpinc:r heat to zor,c :S and one must 

therefore consider other .solution~ to t h? p r ol)lem of supplying th~ 

deficit zones Band D. An obvious al tern&ti ve is to supply these 

zones by co~duction from A anJ C respective ly. A second 

a.l t~rnativ,= is to <9;:nploy some of the waste h ,:!a t fro,-:1 t h~· h en t 

engine which i nevi tably occurs as a r esult o f m:achanical 

inef ficiencies, thermodynamic irrev2rsibilities and direct ther:nal 

losse s . Thi s wast2 heat, possihly a ~ounting to 40 % of the 

available work, is unlike t he thermodynanic sink hea t i11 that it 

i s ava ilable c::. t temperatures abov~ t'.1 -:: sink temp e c ':l. ture , some eve!1 

at th2 hig~1 t emperature: of zone B. This bea. t may be tapped by 

p:i:-oviclin-:r s1.1it,~bl -~ jackets ar0,rncl th,J t-..1:r.-bin~. It s~e ms 

preferable to adof1':: the second alternative for s;1pplying zone B 
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rather than d~grade the source A. The first alternative, however, 

s eems adequate for zone o. 

T::iu.s, with appropriate engineering design ::.ind choice of 

reactor temperature it seems possible t o cope with the unorthodox 

features of this new he at source and at the sa~e time a chieve 

engine working fluid 

generation practice . 

temperatur0 s cor.-.parable wi t.h l'1otlarn powe r 

It is therefore expected that. the pr2dicted 

work r ecovery efficiency achievab le for the rmochemical fluids will 

be comparable to that nm, achieve d by the combt'.stion of fossil 

.'.:'ne : .. ~ • 

7. CONCLTJSIONS 

In t h is paper we have introJuc~d t he fundame nta l 

the rmodynami c theory underlyi ng t he ope ration of s epa r a ting and 

non-sep3ratin g the rrnoc~e mical e n e rgy transfer systems proposed for 

u se in both nucle ar and sola r power pl,:cmt.s . T:i.e maximum 

efficiency for w:::lrk production i.3 essentially limited only by the 

constra ints irr:poscc.l by the s e cond la'.v of t he t·r.1odynamics anJ is 

fix~d for each the rmochemical system. On the other hand, the 

div ision of work produc tion among t!1e indivi<1ual system c omponents 

is governed by a di f feren t mechanism identi::iec1 in the cas-e of 

sepa.r:-a t i n g sys t e i!\s as the g-enc..: ra tion o f wor!'" o f s r::ipa r a tj on . I t 

has b2e n 3ho;vn t 11at the s e p a r ation 

degradation of mi xins heat wl thin 

wo rk i s p r ovic.ed by the 

the S } stcl'!I and tr. i:'l ~ this is 

par tly .i:-e spon:3 ibl 2 for s111a.l .l l os ::.t~S at the therm::i. l ab so r b ~rs of a 

di~;tril.>Utl" i coJ.lec tor s ol ;:;i. r p ow,3r plan t. 
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In comparins S8?·3.ra ::inry and non-sep;:,,ra tin-; sys tens , we find 

th:1.t the forme r posse!i:s an a::1v.-rntage o f inc reased f lexibil i ty in 

c~oica of operating systa ms a~d conditions . The storage of 

sepa rated gas and liquid c omponents provide a high storec~ enthdlpy 

per mole and furthe r, the r ,~actio:1 temperatures may be chosen 

independently of one another and of the requi red extent of 

reaction. Practical e~crsy stora1e efficiencies exceeding 0.90 

and wor}~ r:.~covery e f f ic Lencies of a;;>proxi:nte ly O. 5 can be achiGved 

realistically for the a nunon ia/~'1ydrogen nitroge n syste!'.l. It would 

b e ~·-:p e :..: t e<"i U:.:>. l p""ac1 -i c: ·•l -~F.f i. cif:r:-::i.cs for •.·10rJ~ prcd 1:: :..in n uc.11 1.d 

b 8 app:ro:<iMa tel:? 60 ~; of the tlwore ticc1 l value s, gi vin<:; an o vera.11 

efficie ncy ! or t~e the rmochemical energy transfer - worl~ product j on 

sys t en of al>~ut 27%. This is a n encour aging rest:l t an.:.1 s !1.ould 

pronpt fur tl,er d c•v13 loprn-2nt •::•f thcn,oc'1ernj r.:11 e .ne rgy transfer 

systcri1s . 
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NOMENCLATURE 

A, A. 
l 

B, Bj 

L1G (T) 

f).G
0 

(T) 

H(x,T) 

ilH ( 1') 

6H (T) 
0 

till 
max 
E 

tiI-I (x, T) 

m 

n (x ) 

N (x) 

p 

Q 

QH 

QHo 

Qs 

Qf 

R 

ll.S(T) 

fl.S (T) 
0 

t:..s ( x ) 
m 

T 

Rea= tant sp~cies. 

Produc t species. 

Pa']'e 30 

GibLs' free energy change per unit mass of A. 

Gibbs' free energy of reactio n at p r essure P 

and temperature T, including reactant ancl 

product mixing terms. 

System enthalpy at T cll:.d mole f r action x. 

EnL:1c-1l11 .1' ch::l :1r.= per u ;-.it rn:.'.,.;3 of ~- -

Enthalpy of reaction at P an d r. 

M.:tx ir.:nm va. l u 0 of. M I for l!nc1oUw r rnic lor.ip . 

Excess heat of ~ix i ng. 

Molt::: ::=: of B p r o ,1u c r-:!d p e r rrol•:! o f A c onsmri-~cl. 

Mol e numb~r d t x d e fi '1.ed by (9). 

Mole r1u□be:r at x per un it r:ta..ss '.Jf A. 

Sys::em pressur,~ . 

Heat absorbed fro:r. s•-mrce . 

Nett heat transferred across heat exchanger. 

Nett he at transferr ed a cross heat exc~ange r 

for comp l e te r ~Ac t i on. 

Mixing heat absor~ed at T
8

• 

Mixi ng hea t r e j e cte d at T f . 

Gas constant. 

En f:ropy change: p<:.~r unit mews o f. A . 

Entropy o f rea ction at P ancl. T . 

En t ropy of n ixi~g at x . 

J\b:sol 11 !:e te;i1pera tll!"'C. 
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TS 

Tf 

* T 

* 
Tc 

TH 

THO 

w 

wf 

NH 

WHO 

WL (x} 

w 
0 

wrev 
0 

w
8

(x ) 

6WS 

X 

X 
e 

6 

t:.,, o 

llR 

ma:..;: 
n R 

nR (T , x) 

nST 

Tl 
0 

\) 
ai' vbj 

Sink temper:l. t ure. 

Re a c ticm tempe rature . 

Turnini;; tempera i:.t~re. 

Systera characte ristic Carnot temperature . 

Heat exchanger charac teristic temperature . 

Heat e xchanger c i.1;:i_rac teri s tic ternpe r ;1 i.:ur. ,~ 

for complete reaction. 

output work. 

'Nork of mixin<J a t Tf. 

He a t e x::::11,J.nc;c:- ·t;o .--}: . 

He::i. t. exchange r ,1or k f.o:c c ornnle 1:r::i r?.acti on . 

Loo1-i 1.•1,1rk. at :<: .. 

Ava i lab l e work . 

Reversible availa ble work. 

Separa tion work at x . 
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Sep aration work for end o t he rmi c or exot he rmi c 

r cac tiC> Yl 10 02. 

Mole fraction o f Bin mixt ure. 

Equi librium mole fraction of R. 

~eigh t f raction of. B. 

Sxte nt of reaction. 

Work recovery e f f iciency . 

Maximum work r ecov~~y e fficiency . 

L i 7i timt v21lue of n at T a nd x. 
J R 

Ene rgy storage 0ff ici ancy. 

Over a ll thermochemical efficiRncy . 

Stoichicm:te tr Le c o1; f fi c i en ts . 
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Figure 1 

Figu:r,~ 2 

Figure 3 

Figure 4 

FIGURE CF-.:?'J'IOHS 

(a) Non-separating thermochemi ca l cner~y 

trr1nsfer s yste~. 

(b) Liquid/gas separating thermochewical 

ene rgy transfer sys tem. 

Page 32 

(a} Te~perature-enthalp~ diagra~ for a 

non-sepa rating tha rrnochemical energy 

transfer system with i s o thermal re~ctors. 

(L) Tt-.t'.9E·1·a t ur:::-- cn :.:.11~ l ~J.! dL1 1]:,1 11 ~:,11· ,1 L Lq rrLd/ 

gas separa ting t~ermoche rnica l energy 

t :ran-~ -i:e - sy--d:e:n \,d th i sother ma l react ors. 

{a ) Extreme cnr.vt~s of t he 1'-U di. 3gra!J :::.,r a 

liq uid/gas s e9arating s ~ st• E . 

(b ) 'Iemperat 11re spE:ctrurr. o f t he exter nal heat 

Q rcJ •..ti r e,l by a r eve rsibl~ co-lnr.erf low Ho 

h t~ a t·. exchange r in whi c h A is heated and B 

is coole d. 

En~:r.gy tr,tnsfe r and work produc tion f ror0 a 

reve r s il;.le exo t !1errnic reactor and assoc iated 

rev1:~rsi l>le cou:1te r f:low hea t exc:hanger . 

,.. 
\ , 

E 

S~rnipermeable me mbrane . 

C~rnot e ngi ne . 

Reversi~le iso the rma l expans i o n e ng ine 

at TC 

Hor-k. 

He a t. 
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Figure 5 

Fig·ure 6 

Figure 7 

Pa1e 33 

Curves of cons tant work recovery efficie~cy ~or 

th•~ anirnonia/ 3 : 1 hyc1r ogcn-ni trogen s ystem at 

300 a t t:lospheres w i. th TS ;::; 30 0 ° K. The curves 

are dashed outside of th~ ideal solution region. 

Origins of separation work shown by T=H diag=am 

and e q uivalent single Carno t engine . 

(a) Idea l solution with external sepacation. 

(b) J,iq uid/ ga s p~ase scpa rc1 tion . 

(a) Ter.1perature-enthalpy diagram for a Thermo-

clv~rr• ic:t1. l c. 1 , . (iY traw.,; ,. .., 1.· ;;y .; ::.:::rn . The d i..l".J.C.'l.i'l 

repre sents the a rnnonia/i1ydroge:1- ni trogen 

s yste111 :1 t 3 0() a t mnsph f~rQS wj th 'i' S = 300 IC 

(b ) Temperature profile of ")ntha l::iY c.:han,1e::; 

o ccurring in the en:lother rni c loop of 

Figure 7(a). 

(b) Ten1perature profi1-e of e :1tha1. py changes 

occu:?:"ring in the~ 8xothermic l oop of 

Figure 7(b) with the zones r eferred to in 

t he text l abelled A-J . 
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3

) 

A I 72 ':; 2.02 1. 18 4 100. 5 

r, 
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-ni t r ogen . 
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FIGURE 1 (a): Non- sep ar a ting th~rmocherni cal 
energy transfer s yste m. 
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