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ABSTRACT

A general thermeodynamic study of thermochemical energy
transfer and work production processes is prasented. Both gaseous
systems in which the effluent of each reactor is not separated
into the reactant and product species, and ligquid/gas systems in
which the effluent separarates spontaneously into ligquid and gas
phases, are treated. The study extends to consideration of
non-isothermnal reactors, to the individual roles of reactor and
heat exchanger in the work production processes, and to the
significance of the inkrinsic work of phase separation. The
overall system efficiency is derived as the produzt of two
efficiencies: the encrgy storage efficiency which defines the

fraction of the input energy passed in chemical form to storage



and the work recovery efficiency which defines the fraction of
this stored energy availalle as output work. The fundamental
thermodynamic processes underlving the derivation of these
efficiencies is examined from the point of view of optimization of
the design and operation of individual system components, In
particular, it is shown that the available work from a
thermochemical energy transfer system approaches the maximum valus
given by the Gibbs' free energy change when the temperature
profile of the exothermic reactor is suitably tailored.

Tae work of separation h=as formed the basis of the inalysis
of specific system components and has given a useful insight in*o
the understanding of energy storage efficiency. Work recovery
etficiencies are calculated For the ammonia/hyvdrogen-nitrogen
system and the paper concludes with a discussion of some practical
considerations relating to the recovery of work and the

per formance that one might ultimatelv exvect from this svstam,
k & ) 5 ¥



1. INTRODUCTION

Considerable interest has develop=d recently into the use of
reversible chemical reactions both for transporting energy from a
solar collector array to a central power genarating plant and for
transporting high grade heat from nvclear powar plants. A working
fluid undergoes an endothermic reaction in absorbing thermal
energy at the source or multiple sources and is reconstituted
during the reverse exothermic reaction with regensration of the
reaction heat. Distances over which high grade heat must he
transported are minimised by using a counterflow heat exchanger at

gach f th= eacdothermic and exothermic reactors thus allowing the

"
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working fluid to transported over thzs rewaining distance
through pipes at ambi=zat temporature. Thermal  lagging is
uanccessary and furthernore, considerabls potential exists For
long term lossless storage of energy throush storage of the fluid
at ambient temperature.

In this paper w2 are particularly interested in those
systens whers the end use of the recovered heat is the production
of work by means of a heat engine, A number of reversible
raactions suitable for thermochemical energy transfer and work
production have been proposed [1-5] and may bz divided assentially
into two classes: non-separating systems such as sulphur trioxide
dissociation/synthesis (Chubb [1]) and tvo-phase separating
systems such as ammonia dissociation/ syrthesis (Carden [2]). In
non-separating systems, the exothermic rractor is fed by the

effluent of the endothermic reactor amnd conversely, the

ondothermic reactor is fed by the efflueat of the exothermic
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reactor. It is desirable from the point of view of achieving a
high value of stored enthalpv per molz that both reactions proceed
as close as possible to completion. This requiremesnt favours
thosz reactions which, because of their higher reactivity,
progress easily towards equilibrium even at the lowsr temperature
of the exothermic reactor. Tn addition to his restriction the
-cheice of operating temperatures is restricted also, and indeed,
the endothermic reactoxr must always opsarate at a highex
temperature than the exothermic reactor.

On the other hand, ligril/=zas  senarating svetons offer
greeater flemxibility in thz cholic2 of both reactions and
temperatures. Reactions nezd not proceed to comnletion becauss
the effluent of =2ach reactor separates spontaneously into the
basic reactants which may then be stored or rzcirculated +to the
reactors in any desired proportions. The storage of senarate
components instead of nixtures of the two erables th2 achievement
of high wvalues of stored enthalpy per mole without restricting
cther parameters such as the reaction temperatures.

In order to optimise the operation of a thermochemical
energy transfer system it is necessary to gain a detailed insight
into <the inheresnt processes of energy transfer and work
producticn. The thermodynamics of such systems have heen examined
in several earlier papsrs [5-9] but to date there has been no
general study of the problem. Wentworth and Chen [5] have
examnined thermochemical ernergy transfer systems from the point of
view of establishing criteria for sclecting the best chemical
systems. 1In particular, they have derived a "turning' temperature

T which characterises the operatineg temperature range of a
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system. Their definition of p* applies only to systems operated
at anbient pressure but in a separate paper [6] we have extended
the definition tc all system pressures and further, have related
T* to the maximum thermodynamic efficiency. Expressions for
thermodynamic efficiency have been derived by Cox et al [7], but
apoly only ©o non-separatirg systems operating with isothermal
reactors and with fluids of egual specific heat flowing in each
arm of the associlated heat exchangers. Cox et al conclude that
for such systems the maximum available work éiven by the Gibbsg'
Eres encrovy change at the engine sink teomperature cannot bo
approached since the output heat ic necesszarily produced at a
considerably lower temperature than the input heat.

In this paper, we presant a general thermodynamic study of
both separating and non-separating thermochemical energy transfer
systems. The study extends to consideration of non-isothermal
reactors, to the individual roles of reactor and heat exchanger in
the work production processes, and to the significance of the
intrinsic work "of phase separation. Our purpose is twofold: we
derive two basic system efficiencies, the energy storage
efficiency and the work recovery efficiency; and we examine the
fundamental thermodynamic processes underlving the derivation of
these efficiencies from the point of view of optimization of the
design and operation of individual system components., The enerqy
storage efficiency defines the fraction of the input energy passed
in chemical form to storage and the work recovery efficiency
defines the fraction of +this stored eneray available as output
work. These efficiencies are relevant whether or not sterage of

the fluids is actually implemented and our theoretical *reatment
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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 +the available work from a
general system may indeed approach the Gibbs' free energy change
if the exothermic 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 [B], Soliman et al calculated thé
work of separation applied externally to the gaseous products of
geveral specifiz theormochemical processes. Thesy concluded that
processes where spontansous two-phase separation occurred were
oreferable, implying that the work of separation was comparatively
small, Recently Funk [9] has derived a general expression for the
work of separation of ideal gasecous products where the separation
is <carried out at the same temperatura as the reaction. In the
prosant  study we draw attention to the fact that work (o
separation for ideal gases reduces with temperature and we show
that +the work of separation for spontaneous pProcesses is
essentially equivalent to the former when the separation occurs at
the sink temperature of heat engines rather than at the reaction
temperature. Thus we have elucidated the conclusion of Solimar et
al referred to above.

In this paper, separation work refers to spontaneous
separation into two phases and applies to separating systems only,
although it has a more complex counterpart in non-separating
systems. The work of separation has formed the basis of our
analysis of spacific system components and has given a useful

insight into the understanding of enerqgy storage efficiency. Work
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recovery efficiencies are calculated for the
ammonia/hydrogen-nitrogen system proposed by Carden [2] and the
paper concludes with a discussion of some practical considerations
relating to the recovery 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 ligquid/gas
separating thermochemical energy transfer systems are shown in
Figure 1 where the endothermic reactor can represent either a
single reactor as typical of a nuclear heat source, or a multitude
of small reactors in parallel as typical of a distributed
collector solar power plant. The corresponding temperature-
enthalpy diagrams for the two systems are shown in Figure 2.

The operation of a non-separating system is straightforward:
each reactor is fed by the product mixture of the other and
counterflow heat exchangers ensure that energy transport between
the reactors occurs at ambient temperature. The working fluids
are generally gas mixtures throughout and there is no provision
for separating the components.

Operation of a liquid/gas separating system is similar with
the exception that the product mixtures, which are two-phase at
ambient temperature, pass to gravitational settling tanks from
which two separate component streams are drawn, one liquid and one
gase@ous. These components may pass to storage or be recirculated
to the counterflow heat exchangers in any desired proportion. In

the heat exchanger adjoining an endothermic reactor the mixture of
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component fluids flows along the input channel towards the high
temperature reactor and, as it is heated, the 1liquid vaporises.
In the reactor, heat 1is absorbed and the product mixture then
passes through the second channel of the heat 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
heat exchanger. High grade reaction heat is generated within the
exothermic reactor and may be converted into useful work.

jorki may also be obtained fronr the counterflow heat
exchangers which are treated in this study as additional heat
sources (positive or negative) as well as devices which transfer
heat from one fluid to another. Because the two fluid streams are
liable to have significantly different specific heats at any given
temperature, particularly the reactants in two-phase systems, and
in order to maintain thermal equilibrium within =2ny elemental
length of the two adjacent heat exchanger passages, one or both of
the following must occur:
(a) heat must flow to or from external components or elements
(b) the temperature gradients in the adjacent passages must differ

widely.

The latter process acting alone is dealt with in standard texts
where it is shown that as a consequence the temperature profiles
along the passages become markedly non-linear and non-parallel
resulting in localised high temperature differentials between the
passages. Under these conditions, the processes occurring within
the heat exchanger arc considerably irreversible and are therefore

not conducive to efficient conversion of heat to work.
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On the other hand, i1f additional balancing heat flows are
provided at the appropriate temperatures from a device external to
the heat exchanger, an ideal reversible situation may be
approached in which conductive temperature 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
conduction are negligible, In a solar energy system one would
wish to approach this ideal for the exothermic loop exchanger but
not necessarily for the endothermic loop exchangers since for a
practical system external work will neither be added nor extracted
at these locations. (However, the reverse may be true for a
nuclear power source supplying process heat to many remote
consumers. )

Thus for solar energy applications, it is assumed +that the
exothermic exchanger is operated reversibly as part of a central
plant. Excess heat from the exchanger is supplied to Carnot
engines which operate as heat pumps when the excess heat is.

negative, and fluid friction throughout the system is regarded as

negligible. The overall output work W is then regarded as
originating from the combination of exothermic reactor and
associated heat exchanger. We may define a work recovery

efficiency N, as the ratio of output work to chemical energy

transferred from storage:

n W/AH(TS) (1)
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Expressions for np are derived below in Section 3.

It i1is particularly important to conserve heat at the
endothermic loop and therefore we are concerned with those parts
along the (ideal) heat exchanger where there 1is a net heat
outflow.  Generally a heat exchanger may be divided along the
length of the passages into positive or negative =zones depending
on whether net heat flow 1is 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
to which it can all bs conducted. However, 1f the nagative fFflows
exceed the positive flows or if the lowest temperature zone is
negative, heat must necessarily be wasted to the environment.
This waste heat is clearly the difference between the minimum
solar energy inpubt @ and the chemically stored enthalpy AH(TS),

Thus we define enerqgy storage efficiency
ngp = AH(TE)/Q (2)

The method for evaluating the magnitude of ngp for a given system
ig discussed below in Section 5.
Clearly, the overall thermodynamic efficiency W/Q for the

system is obtained as the product of (1) and (2):

o = nNgpig (3)
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3. WORK RECOVERY

3.1 Pormulation

We consider the general reversible chemical reaction

iy o)
zvaiAi == vajAj, AHT > 0 (4}

in which m moles of the B mixture are generated for each mole of
the A mixture consumed. Stoichiometric proportions are assumed
amongst the reaction comeoonants for both A and B miztures,

allowing the reaction to be written in the simplified form

A = B, A > 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 6 of B

which, by the reaction stoichiometry, are related according to

o X

I m{l - x}) + x (6)

The extent of reaction A8 bhetween mole fractions X4 and x2 is
given by

A = 5(x1) = G(Xz) (7)

and will always be defined positive. Thermodynamic variables such
as enthalpy change AH and Gibbs' free energy change AG are defined
on the basis of constant system mass equal to the mass of one mole
of A or mmoles of B. On this basis, the number of moles in any

mixture of A and B is given by
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- m
N(x) = TR S (8)

It is convenient to scale the energy transfer and work production
calculations described below to unit mass of A generated by
chemical reaction. Thus the mole numbers for the two end points

of a reaction of extent AS are scaled to the value

n{x} = ©N(x)/AS (9)

Both exothermic and endothermic reactions are assumed to
occur within the ideal solution region and therefore minxing heats
are =zero at the reaction temperature Tf. Furthermore, in
separating systems, the liguid and gas phases which form during
cooling are assumed to comprise respectively pure A and pure B at
the sink temperature TS so that in this instance mixing heat is

also zero. We are therefore able to relate system enthalpy

changes scaled similarly to (9) to the enthalpy of reaction:

AH(Tf)/AS AHO(Tf), both systems

(10}

AH(TS)/AG AHO(TS), separating systems alone

and system free energy changes +to the Gibbs' free energy of

reaction:
AG(Tf)/Aﬁ = &GO(Tf) = Tf[ASm(xq) - ASm(xz)]/Aﬁ, both systems

(11)
AG(TS)/AS = AGO(TS), separating systems alone

where Asm(x) is the entropy of mixing.
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In the present study it 1is assumed that the storage
reservoirs and transport system are isobaric. However, the liquid
phase may be stored more economically at ambient pressure as in
the case of ammonia which is refrigerated to - 34°C. The
introduction of a separate reservoir temperature TR distinct from
TS will be dealt with in a future paper together with the question
of incomplete separation at Tg (mixtures of A and B in each

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

by our simplifying assumptions in this paper are small.

3.2 Energy Transfer and Work Production

For the purposes of the present study it is convenient to
return to first principles in order to identify the fundamental
processes occurring within the exothermic loop of a thermochemical
energy transfer system. A schematic diagram of the energy
transfer processes is shown in Figure ! in which the recirculation
components are omitted in the case of a non-separating system.
Figure 4 models a reversible system capable of degeneration into a
real reaction process. Components A and B are treated as single
fluids, a simplification which can be recadily validated, and the
flow quantities are scaled according to (9) so that unit mass
undergoes chemical conversion.

Three sources of available work are identified, +the first
being the heat exchanger where it is assumed that operation is

reversible as described above with nett work generation equal to
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S

o] e A
L e s —d(AH)[1 (12)

H T

Ts

where the integrand represents the contribution from the
infinitesimal Carnot engine at T.

We define

Qq = AH(T) - AH(T.) (13)

which is recognised for separating systems as an effective latent
heat of vaporisation of A. The factor d{AH}/T occurring in (12)
ig a differential entropy and it is thus convenient to define also

a characteristic temperature TH such that

= % (14)
H KSTTg) = AS(T,)

Equation (12) then reduces to the simplified form

T
- _H|, _ S
Wy = L 1 (15)

H AS H

which is eguivalent to the work output of a single Carnot engine
operating between reservoirs Ty and TS'

Equations (13), (18), and (15) also specify the guantities
Qor Tyo and W,  defined as the values of Qy, Ty and Wy
respectively when A8 equals unity. These special case guantities
depend only on the properties of A and B since they desc¢ribe the
situation when the heat exchanger passages contain respectively

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

write, from (10)

) - AH (1) (16)
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Two other socurces of available work are located within the
isothermal reactor of Figure 4. A  total of n(x1) 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 dits chemical equilibrium partial pressure by means of a
reversible isothermal expansion engine. This process produces
worik and absorhs heat resullbing respectivaly in a decrzasc of Free
energy and increase of entropy of the components passing through.
In contrast, the enthalpy will be unchanged since the mixture is
ideal.

A total of m moles of component B then passes through a
membrane into a vessel containing a mixture in chemical
equilibrium at the system pressure and at temperature Te.  In this
vessel m moles of B are converted to 1 mole of A and heat AHO is
released. Constant mass and composition are maintained in the
vessel by withdrawing at the same time through a second ﬁembrane
the one mole of A which has been produced and this is added to the
bypass A. Both A and B are then compressed isothermally to their
final partial pressures (or fugacities), again by means of
reversible engines, and £inally the two components pass without
energy transfer through a third pair of membranes to form the
mixture returned to the heat exchanger. Since all processes in
this reactor system are reversible and isothermal, it follows by
definition +that the net worlk output from the engines, our second

source of available work, is in fact the total free energy change
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AG/AS between the input mixture and output mixture. Similarly,
by definition, the net heat output is Tfﬁs/ﬂﬁ. Furthermore,
because all processes outside the vessel are isenthalpic, the
system enthalpy change AH/AS equals the vessel enthalpy change
AHO . Thus, employing the standard relationship between enthalpy,

free energy and entropy, the above heat output is expressed:
TfAS/AS = AHO - AG/AG (17}

Part of this heat may be converted in a Carnot heat engine to form
the third source of available work from the system. The total

available work from the three sources is therefore

H
m

rev I - I -
W = AG(Tf)/AcS + (AHO(Tf) A.G(ri)/f_\é)l1 f]

=]

O

T

S
+ QH[1 - EE] /A8 (18)

In practice, the free energy component represented by the
first term of {(18) is not fully available as work, being first
irreversibly converted into heat within the reactor before being
partially converted into work by the adjoining Carnot engine. The
difference between the total reversible work available and W(],

the work available in practice, is therefoze

Tg
ﬁ—AG(Tf)/AG
i
and hence
TS TS
W = AHO(Tf) 1= ﬂ + QO 1 - 1_‘}; /A8 (19)

y rev iyl e
Moreover, the reversible work Wo is identified as the stored

T R T R T B R

o
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Gibbs' free energy AG(TS)/Aé by substitution of equations (13) and
(14) in (18) and by application of the standard relationship
betﬁeen thermodynamic quantities referred to above. This result
is in accordance with establishad theory and confirms the validity
of (18). W= are therefore able to derive from (1%)

T

5 = S
W, = AG(Tg) /A48 T, AG(T.) /A8 (20)

3.3 York Recovery Efficiency

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

(20) and the corresponding stored enthalvy as

S '
=] - A 2
M [AG(TS) TfAG(Tf)]/aI-l(TS) (21)
which 1is the general result For isothermal reactions.

Eguation (21) may be extended to a general reaction temgperature

profile by devezloprment of an integral form for N r @ convenient

Zorm being

JnR(T, x)das
"R T A (22)

where nR(T,x) is the limiting wvalue of (21) &as the reaction

extent Ad is reduced to zero

with AG(T) replaced by Ad
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and AH(Tg) by A8 =%

Equation (22) is useful if charts of constant ngp(T, x} are
available such as Figure 5 for the ammonia/nitrogen hydrogen
system. Sucih charts may be preparsd by calculating nR(T, %) in

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

e (1 - x )"
36 T RT 10 P
nR(T, x) = i e (23)
PR
2K} .
Tq

waere % desecribss the ezuilibrium mixture at T. Eqguation (30) is
derived by taking the limit of equation (15) after substitution of

standard logarithmic expressions for the thermodynamic gquantities

LSm(x) = =RN(x){xlnx + (1 - x)In{1 - x}1 {(24)

and
m
*e
AGO(T) = -RT1n -,T--:'-—;;’—— (25)
e

The partial derivatives in (23) equal respectively AGO(TS) and
AHO(TS) for separating systems according to (11) and (10), and

for non~sgseparating systems may be taken egqual to AG(TS)/AS and
AH(TS)/ A8 . These results verify that Ng reaches a maximum value
AG(TS)/AH(TS) , or specifically AGO(TS)/AHO(TS) for separating
systems when the reaction path follows ithe equilibrium line, and
that reacztion paths running cleoszly parallel to the eguilibrium
line will yield recovery efficiencies approaching this masximun
value. Thus we may determine from the rsactor temperature profile

the maximum work available from both reactor and heat exchanger
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without specific or detailed knowledge of the contrikution of
either.

; A’ max ;
The maximum work recovery efficiency g is related to

*
the effective temperature Tc by the Carnot equation

T

g = 1 - 2 (26)
T
C

We have shown elsewhere [6] that T: is related to ths turning
temparature T* introduced by Wentworth and Chen [5] as the
temperature at which neither the forward nor the reverse reaction
in a thermocnermical energy tranzfar system is Favoured, T is

related to the variables in the present study according to

*
Tc = AH(TS)/AS(TS) {(27)

%
Thus for systems where T exceeds T _ it is possible undex

c
certain circunstances for the avalilable work From -hze roactor heat
te exceed the available work W from the system in which c¢ase the

available worlk from the heat exchanger must be negative.

b, SEPARATION WORK
4,1 Identification of Loop Work

Our study so far has been generally applicable to all
thermochemical enerqgy transfer systems and we have obtained
results related to overall system performance, We now direct
attention to the rerformance of individual components,

particularly the exothermic reactor and heat exchangar, and to the
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manner in which the available work ccntributions from both add to
give the known output Wo. Because the treatment depends on
separation worx it is strictly applicable only to two-phase
separating systems. Ilowever, similar 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 work eguation (20) for an
isothermal reactor using thz standard relationship betwecen Gibbs'
free energy, entropy and enthalpy, *together with equations (11),

(13}, (14) aad (15}

T TI
S 3]
W = AH (T )1 - =2 + 0 [
e o' f £ Ho THoJ
- TS[ASm(xz) - ASm(x1)]/A5 {28)

The first two terms may be identified respectively with the
Carnot work available from an irreversible isothermal reactor and
the maximun possible value WHO of heat exchanger work. Via  now
identify the third term as the worlk required for spontaneous
separation into A and B in th2 ganeral case wh2n ths fluids ara
mixtures of the two. Qur analysis is based on the well understood
process of separation of ideal geses by application of external
work and we consider initially the thermodynamic cycle shown in
Tigure 6(a) in which a two compmonent ideal solution of A and B
characterised by mole fraction x of B is cooled from a source
temperaturs Tf to sink temperature TS. At TS the components of
the ideal solution are separated reversibly by input of external
work WS (for example by selective compression of the individual

components to the system pressure) and rejection of an equal
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amount of heat. The unmixed components are then heated to T¢ and
mixed reversibly +to complete ths cycle. Since mixing heats are
zero throughout, the heating and cooling arms of the cycle are
indistinguishable on the T-H diagramn.

The entire loop comprises a single heat source 0 at T

T £’

and nett work production Wf - WS. The

cycle therefore constitutes a single Carnot engine with output

heat rejection QS at TS

work given by
W. - WS = r)f 1 - — (29)

Since zero enthalpy change occurs at Tf, both Qf and Wf assume the
same value TfASm(x) equal to the revzrsible isothermal work of
mixing. By substituticn of this value into (29) we obtain an

expression for the externally applied work of separation
WS = TSASm(x) (30)

We now turn our attention to the case of interest where the
separation proceads spontaneously. The equivalent thermodynamic
cycle is shown in Figure 6(b). In this case, the excess heabk of

mixing defined by
AHE‘(X, T) = H(x, T) - (1 - §YH(D, ®) - SH(1, T) {31}

is not zero except at TS where the syster components are fully

separated and also within the ideal solution region at high
temperatures. We may again reduce the systom to a single Carnot
enygina operating with the same heat input Qf as before, but with
nett work output given by Wf - WL where WL is ths loop work
associated with traversing the complate cycle. That is,
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L

Wox) = | dlas"(xz, m)

T
S
== TFJ (32)

L

By following the same argument as bzfore, we determine that the
magnitude of WL(X) is given by TSASm(x) and that an equal value
of heat is rejected at the sink. Since, in traversing the cycle
the components successively mix and separate as in the first case,
and by drawing analogy with (30), we obtain the important result
that the loop work WL(x) is the work of szeparation WS(X)'

Thus by analogy with the case for ideal solutions, any
mixture being cooled from the ideal solution region may be
regarded as undergoing physical separation at Tg by application of
external work WS provided the mixture is considerad to be virtual
in the sense that it possesses the thermal proverties of the
unmixed  components., This result provides the link between WH
{dependent on a specific mixture of components) and B%k)(dependent
on the properties of the unmixed compconents}, a link which will be

derived forwally and expressed in equation (34) below.
4,2 Thermodynamic Significance

The separation work is a function of the composition of the
mixture and is proportional to Tq provicded that T¢ occurs within
tne ideal solubtion region. Furthermore, with this proviso, the
separation work 1s independent of the nature of the process by
which the componénts are separated., Identification of the loop
work given by (32) forms the basis of the calculation of energy
storage efficiencies descrihed in the following section and in the

accompanying paper (Williams and Carden [9]). The separation work
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for Figure 6 (b} may also be expressed in terms of an eguivalent
temperature and enthalpy change for each branch according to the
concepts described for the derivation of (14} and (15). Thus for

positive W the equivalant temperature of the mixed branch must

S r
always be less than the eguivalent temperature o¢f the unmixed
branch,

We are now in a position to identify the last terms of the
available work equation (28). The separation work associated with
the exothermic reaction loop of the thermochemical en2rgy transfer
cvclae shown in Figure 2 mey be calculated simoly from the
difference between the values of loop work at X ani X, Wa
obtain for the separation work

Mg = Tg[AS (x,) - AS (x,)]1/AS (33)

which is the same as thea last terns in eguatcion (28). Comparison

of (1%) and (28) using (15) and (16) gives the further result that

1 1
T = W - W (34)
TH LHOJ Ho H

Mg = Oy Tg

and, as we have anticipated abcve, AWS may b2 of either sign.

The nature of the origin of the separation work associated
with exothermic reaction loops has therefore been identified. The
work is externally applied in the sense that the full work WHO
which would have been availables from the heat erchanger had the
components been unmixed is reduced by the quantity AWS.
In the case of the endothermic reaction loop, where the heat

source normally supplies net heat to the heat exchanger, the

separation work 1s related to the ability of the source to do
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Carnot work and to the heating and subsequent cooling of that part
of the liguid feed that remains unconverted to B in +the reactor,
The net effect of these two latter processes is the transfer of
heat from the source at one effective temperature and the return
of an equal gquantity at another temperature. The conseqguent
change in available Carnot work from the source is the quantity
A NS.
What happens to the returned heat depends on the magnitude
of +the heat exchanger input QHo and its temperature spectrum
d[aE (1)]/ar (illustyvated in Figurs 3), fo= cleariy if it is
Q
possible to choos=z a temperature Tp such that the raturned heat in
the range TS <T <TA exceads
TA .
JT A[pH_(T)]
5
then the difference will not be effectively absorbed by the source

and must thercfore be wasted. This 1is tYe origin of the

inefficiency discussed in the next section.
5. EWERGY STORAGE EFFICIENCY
5.1 Limitiny Efficiency

The loss mechanismz associated with en2rqgy  storage may be
explained partly by means of general thermodynamic arqguments and
partly in terms of specific molecular models, Vle. have already
pointed to a 1link between energy loas and separation work, the
evidence for which is basa2d on thermodynamic arguments, but it is

not possible to develop this 1link further without a specific
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molecular model. Nevertheless, a limiting value to energy storage
efficiency may be established £rom the thermodvnamic argument
which w2 now present. Proceeding from egquation (2}, and
considering only the case ‘I‘f < T: where Tf is the maximum

temperature of the endothermic reactor, we obtain for ths maximum

work available from the source

AH(Tg) Ts]
Wnax < NS T
st )
*
Since tha recovered work cannot exce=ad W .. nor AH(Tq)(1 - Tq/Tc)
it follows that
T
1 - 5
! L *
g e T_ < T (35)
1 S £
3
T
c

*
In the range szﬁmz molecular effects continue to overate and it

dozs not necessarily follow that here n is unity.

8T

The relation (35) holds for both separatiny and
non-separating systems and explains why non-separating systems,
which necessarily operate endothermically well above T:, tend to
have higher storage efficiencies than separating systems. Thus,
although separating systems possess slightly lower storage
efficiencies, this may now be placed in proper perspective in

relationship to their advantage of being able to operate at lower

temparatures.
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5.2 Enerqy Storage Efficiency

The value of eunergy storage efficiency defined by equation
(2) may be determined for a given endothermic energy transfer loop
directly from the temperature-enthalpy characteristics of the
system as shown in Figure 7 for a liquid/gas separating system.
The enthalpy reguirements of th= endothermic loop are shown in
Figure 7(b). Clearly, sufficient heat Q must ba drawn from the
source to devalop the maximum value AHmax of enthalpy requirement.
Tha heat may be supplied to tho heat exchanger at the different
temperatures reguired or, in a practical seolar absorber, perhaps
at significantly higher temperatures with irreversible degradation
of the heat by conduction alony the heat exchanger,.

Since heat rejected from the endothermic loop cannot be
utilized in a practical distributed solar power plant, we obtain

the result that

n = AH(TS)/AHm

ST (36)

ax

Clearly, the storage efficiency equals unity for any system in

which AHm egquals AH(TS), a condition which often occurs in

ax
non-saparating systems. The maximum enthalpy difference for a
liquid/gas separating system is generally coincident with the dew
point temperature of the output fluid, as seen from Figqure 7.
Actual values of Ngp for a given system can only be determined if
the temperature~anthalpy characteristic curves are known for all
mixtures of reactants over a wide temperature range. Such

information is not generally available within the chemical

engincering literature. It has therefore been necessary in the
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case of ammonia/nitrogen-hydrogen to generate the required data
from available phase equilibrium measurements, and from the
requirement that a given system be thermodynamically consistent.
In particular, the shapes of the characteristic curves must be
consistent with the criterion that the loop work calculated by
means of (6), (31) and (32) for a given mixture eguals the
separation work for the mixture. A full descrivtion of the method
as applied to the ammonia/hydrogen-nitrogen system is given in the
accompanying paper [10]. The results show that the encrgy storage
afficiency avproaches EhE maximum  value of unitv as  the
endothermic reaction aoproaches completion, and values exceeding
0.90 are obtained providing that the reaction extent exceesds 60%.
This result is encouraging for the potential use of liguid/gas

separating thermochenmical systems in golar powar plants.
6. PRACTICIL CONSIDERATIONS

We have explorad the maxinum work w»otential of an  energy
reccvery 3systein comprising an exgthermic reactor and associated
heat exchanger and our results imply that although the average
temperature of the reactor may be increased to the point where the
availlable work recoverable from that component approaches AHD(Tf),
the countering effect of the heat exchanger work QH(1 s TS/TH),
which may be of either sign, limits the total available work to
AGO(TS). From a practical point of view it may be difficult to
extract the available exchanger weork involving as it generally
does the utilization of relatively low grade hwak., However, it is

possibla to choose conditions enabling the heat exchanger work to



Page 26

pe zero or negligible, and the exothermic loop of Figure 7(a) has
been sgpecifically chosen to illustrate this situation. The
available heat from this loop is shown in Fijure 7(c) and may be
divided into four broad zones. Zone A is that encompasging the
reactor, B the heat exchanger above the condensation zoane C, and b
the evaporation zoane. The mean temperatures of the zones, the
corresponding values of difference in AH across the zZones and the

available nett work

s

s

AW = d{rAE)Y 1 -

=

for a sink temparature of 310 K are listed in Table 1 together
with the percentage available work from each zone. It is claav
that most of the available work is produced in th= reactor zone A
and the available worl: values from zones B, C and D almost cancel.
However, it is unlikely that work could be derivad prackically
from zone C for the purpose »f puriping heat to zone 3 and one must
therefore consider other solutions to th= problem of supplying tho
deficit zones B and D. An obvious alternative is to supply *hese
zones py conduction from A and C respectively. y:\ second
alternative 1is to employ secme of the waste heat from the heat
engine wiaich inevitably occurs as a result oF nechanical
inafficiencies, thermodynamic irreversibilities and direct thevmal
losses. This wasto heat, possibly amouating to 807 of the
avallable work, 1s unlike the thermodynamic sink heat in that it
is available at temperatures above tho sink temparature, some even
at tha high temperature of zone B. This heat may be tapped by
providing suitable jackets arnund the turbine. Tt SCEms

preferabl to adopt the second alternative for supplying zcne b
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rather than degrade the source A. The first alternative, however,
seems adeqguate for zone D,

Thus, with appropriate engineering desion and choice of
reactor temperature it seems possible to cope with the unorthodox
features of this new heat source and at the same +time achieve
engine working fluid temperatures comparabls with modarn power
generation practice. It is therefore expected that the pradicted
work recovery efficiency achievable for thermochemical fluids will
be comparable to that now achieved by the combustion of fossil

fuels.

1

In this paper we hava introduced the fundam=ntal
thermodynamic theory underlying the operation of separating and
non-separating thermochewical energy transfer systems proposed for
use in both nuclear and solar power plants. The maximan
efficiency for work production is essentially limited only by the
constraints imposed hy he second law of thermodynamics and is
fixed for each thermochemical systenm. On the other hand, the
division of work production among the individual system components
iv governed by a different mechanism identified in the cas=z of
separating systems as the generation of work of separation. It
has bzen shown that the scparation work is provided by tha
degyradation of mixing heat within the system and thet this is
partly responsible Eor small losses at the thermal absorkers of a

distribnted collector solar powar plaat.
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In comparing separating and non-separating systens, we f£ind
that the former possess an advantage of increased flexibility in
cinolce of operating systems and conditions. The storage of
separated gas and licuid components provide a high stored enthalpy
per mole and further, the reaction temperatures may be chosen
independently of one another and of the regquired extent of
reaction. Practical encrgy storage efficiencies exceeding 90.9¢
and work recovery efficicncies of approximtely 0.5 can be achieved
realistically for the ammonia/hydrogen nitrogen system. It would
be expected that praciical efficiencies For work prodiction wenld
be approximately 60% of the theoretical values, givine an overall
ef ficizncy for the thermochemical encrgy transfer-work production
systen of about 27%. This is an encoursging resuvlt and should
prompt furthar development of themmochemical eunergy transfer

systens.,
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MOMENCLATURE

A, A

Bf B

AG(T)

AG_(T)

B{x,T)

AH(T)

ﬁHO(T)
max

aHE (%, T)

m

n{x)

()

L]

0O

A5 (T)
ASO(T)

ASm{x)

3
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Peactant species.

Product species.

Gibbs' free energy change per unit mass of A.
Gibbs' free energy of reaction at pressure P
and temperature T, including reactant and
product mixing terms.

System enthalpy at T and mole fraction x,
Enkthalpy changzs per unit mass oi Z.

Enthalpy of reaztion at P and T.

Maximun valuce of AH for endothzrymic loopn.
Excess heat of mixing.

Moles o0f B produced per wole of A consumned,
Mole number at x definod by (9).

Mole nuamber at x per unit méss o2f A,

System pressura.

Heat absorbed from source.

Nett heat transferred across heat exchanger.
Nett heat transferred across hsat exchanger
for complete reaction.
Mixing heat absorhed at TS'
Mixing heat rejected at Tf.
Gas constant.

Entropy chance peir unit mass of A.
Entropy of reacbtion at P and T.
Entropy of mixiny at x.

4.

Absolnte temperature,
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Sink temperature.

Reactinn temperature.

Turning temperafure.

System characteristic Carnot temperature,

Beat exchanger characteristic temperature,
Heat exchanger cnaracteristic temparatura

for complete reaction,

Output work.

Wwork of mixing at Tg.

Meat exchanger worls,

{4
o]
0
o
e
O
s

Heat exchanger work for complete v
Loon work atbt x.

Available work.

Reversible available work.
Separation work at x,.

Separation work for endothermic or exothermicz
reaction loop.

Mole fraction of B in mixture.

Egquilibrium mole fraction of B.

Weight fraction of B.

Zxtent of reaction.

Work recovery efficiency.

Maximum worlk recovery efficiency.
Liniting valune of n_ at T and x.
Encrgy storags efficiency.

Overall thermochemical efficiency.

Stoichiometric cocfficients.
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FIGURY CAPTIONS

Figure 1 {a) Non-separating thermochemical enerqgy
transfer systen.

(b) Liguid/gas separating thermochemical
energy transfer svstem.

Figure 2 {a) Temperature-enthalpv diagram for a
non-separating thermochenical energy
transfer system with isothermal reactors.

(b) Temperature-anthalpy diagras for a liguid/
gas separating thermochemical energy
transfers systswm with isothermal reactors.

Figure 3 {a) Extrema curves of the T-1! diagram £or a
liguid/gas separating systom.

(b} Temperature spectrum of the external heat
QHo re piired by a reversiblz comnmterflow
heat enchanger in which A is heatad and B
is cooled,.

Figure 4 Enargy transfer and work production from a

revarsible exothermic reactor and associated

revaersible counterflew heat exchanger.

——= Semnipermeable membransz.

C Carnot engine,
B Reversible isothermal expansion engine
at T..
ic

= Work.

[t ileat.
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Figure 5 Curves of constant work recocvery efficiency for
the ammonia/ 3:1 hydrogen-nitrogen system at
300 atmospheres with Tg = 300°K. The curves
are dashed outside of the ideal soclution region.
Figure 6 Origins of separation work shown by T=H diagram
and eguivalent single Carnol. ergine,
(a) Ideal solution with external separation.
(b) lLiguid/gas phase separation.

Figure 7 (a)} Temperature-enthalpy diagram For a Thermo-
chemical enevgy transfer systom. The diagram
represents the ammonia/hydrogen-nitrogen
systaem at 300 atmospheres with TS = 300 K.

(b) Temperature profile of enthalpy changes
occurring in the endothermic loop of
Figure 7({a).

(b} Tewperature profile of eathaipy changes
occurring in the exothermic loop of

Figure 7(b) with the zones referred to in

the text lahelled A-D.



ZONE T A(AH) AW % WORK
(°K) (Kcal/Mole NH3)
A 725 2.02 1.184 100.5
B 500 ~-3.21 -0.08¢4 -7.1
c 336 0.75 0.080 6.8
D 313 -9.05 ~0.002 -0.2
Table 1 Characteristics of the four tennmerature

zones of the exothermic loop shown in
Figure 7(0) for am"u:',nia/ 3:1 1:}‘(‘3‘.}5\’1@,“*.!1

-nibtrogen.
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FIGURE 1(a): Non-separating thermochemical

energy transfer system.
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Liguid/gas separating thermochemical
enexrgy transfer system.
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FIGURE 2{a): Temperature-enthalpy diagram for a non-
separating thermochemical energy transfer
system with isothermal reactors.




Ts
H

FIGURE 2(b): Temperature-enthalpy diagram for a liquid/
gas separating thermochemical energy transfer
system with isothermal reactors.
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FIGURE 3(b):
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Extreme curves of the T-H diagram for
a liquid/gas separating system.

Temperature spectrum of the external
heat QHOrequired by a reversible

counterflow heat exchanger in which
A is heated and B is cooled.
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FIGURE 5: Curves of constant work recovery efficiency for the ammonia/3: 1

hydrogen-nitrogen system at 300 atmospheres with Tg = 300°K. _.The
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FIGURE 6: Origins of separation work shown by
T-H diagram and equivalent single
Carnot engine.

(a) Ideal solution with external separation.

(b) Liguid/gas phase separation.
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Temperature-enthalpy diagram for a
thermochemical enerqgy transfer system.
The diagram represents the ammonia/
hydrogen-nitrogen system at 300

atmospheres with Tg= 300°K.
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FIGURE 7 (c):
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Temperature profile of enthalpy
changes occurring in the endothermic
loop of Figure 7(a).

Temperature profile of enthalpy
changes occurring in the exothermic
loop of Figure 7(b) with the zones
referred to in the text labelled A-D.






