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ABSTRACT

Energy storage efficiency 1is calculated for the solar
thermochenical enerqy transfer system based on ammonia/
hydrogen-nitrogen, The calculation for this system involves
generation of thermodynamic data not available in the literature
by a method in which wuse 1is made of the available phase
equilibrium measurements together with application of the
criterion that the correct wvalue of separation work for a
two-phase mixture must be generated internally by degradation of
mixing heat. Energy storage efficiencies for ammonia/
hydrogen-nitrogen are derived from the generated thermodynamic

data and are shown to increase towards unity as the endothermic



reaction approaches completion, with efficiencies greater than
0.90 being obtained for reaction extents exceediny 0.60. The
validity of the analysis has been tested successfully by
compariscn between the thermodynamic predictions and experimental
data in the form of measurements of the waste heat rejactad from a
counterflow heat exchanger operated with liguid ammonia fead and

ammonia/hydrogen-nitrogen output.
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INTRODUCTION

In the preceding paper (Carden and Williams [1]) we have
derived expressions which enable the thermodynamic efficiency of a
liquid/gas separating thermochemical enerqy transfer svstem to be
evaluated. The analysis has been oriented towards the anticipated
operation of a thermochemical system within a large scale solar
power plant based on a distributed array of concentrating
collectors. The overall efficiency for such a system may be
divided into two factors: a work recovery efficiency associated
with the operation of the central exothermic reactor, and an
energy storage efficiency related to the amount of energy rejected
at the individual endothermic reactors in the form of low arade
heat wasted to the environment.

Calculation of work recovery efficiencies for a given
separating thermcchemical system regquires no more thermodynamic
information than for the pure reaction components. In contrast,
detailed thermodynamic data is required for both the components
and their mixtures for the calculation of energy storage
efficiencies, particularly in the region of +the boundary
separating single-phase and two-phase mixtures. This latter

information is not readily available within the chemical

engineering literature even for such industrially important
systems as ammonia/hydrozen—-nitrogen. Phase eguilibrium data

defining the compositions of the liguid and gas phases may be
available but thare is a paucity of data for determining mixzture
values for the thermodynamically important variables such as

enthalpy and Gibbs' free energy.
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In this paper we describe a method for generating the
thermodynamic data necessary for calculation of energy storage
efficiencies. The method is bas=d on the combined use of phase
equilibrium data and the requirement that the system be
thermodynamically consistent in that the correct value of
separation work for a given mixture be develcped internallv by
degradation of mixing heat. Energy storage efficisncies are
calculated for the ammonia dissociation/synthesis svstem proposzed
by Carden [2] and ths variation with endothermic reaction extent
is discussed from the point of view of optimising system operation
towards maximum efficiency. It is found that en=srgy storage
efficiencies increas= towards unity as the reaction extent
increases and that efficiencies in excess of 0.90 are readily
achievable for a practical thermochemical energy transfer system
based on the ammonia dissociation/synthesis reaction. The
validity of the analysis has been tested succassfully by
comparison between the thermodynamic predictions and experimental
data in the form of measurements of the waste heat rejected from a
counterflow heat exchanger operated with liguid ammonia feed and

ammonia/ hydrogen-nitrogen output,

2. THERMODYNAMIC DATA FOR AMMONIA/HYDROGEM-NITROGEM

The erergy storage efficiency Ngp for the liguid/cas

thermochemical reaction

A = mB . AH® > 0 (1)

is defined in [1] for a distributed solar power plant as
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= AH(TS)/!_\. Hm

Ngr ax (2)

whers Tg is the temperature of the fluid fed to the counterflow
heat exchanger associated with the endothernic reactor, and where
AH(TS) is the enthalpy difference between the feed and return
fluids. The denominator in (2) represents the maxirmrunm value of
AH(T) throughout the temperature range of the heat esxchanger,
Since the thermodynamic data available in +he literature is

incomplete for the ammonia/hydrogen-nitrogen reaction

NH3 == §H2 + 2N2 {3)

the essential problem in the present study amounts to dsveloping a
procedure for generatinc enthalpies for mixtures of ammonia and
3:1 hydrogen-nitrogen so that the enthalpy differencas in (2) and

hence may be evaluated. As in [1], each mixturs is

NsT
characterized by the mole fraction x of the gas mixture, or

alternatively by the weight fraction ¢, where

I X
&8 m(l - x) + x (4)

with m = 2 for the rsaction (3). In the following sections we
survey the available thermodynamic literature for the
ammonia/hydrogen-nitrogen system and, whare it is incomplete, we
calculate2 mixture enthalpies by a me-hod based on the equality of
szparation work and the loop work developad by degradaticn of

mixing heat.



2.1 Literature Survey

Thermodynamic data for ammonia, hydrogen and nitrogen apoear
in various standard reference texts [3, #] bu:t often do not cover
the entire temperature range of interest in the resent study,
particularly within +the high pressurz reqgion. The racuired data
have been collated elsewhere (Williams [5]1) and supnlemented by
corresponding states princinle correlations. Ammoniz abova 500 XK
is well represented on a corresponding states basis if effective
critical constants of 450 K and 169 atmospheres re assuned.
Thermodynamic data for 3:1 molar mixtures of hydrogen and nitrcgen
have been calculated by advanced corr=spronding states principle
techniques using the two-fluid van der Waals medel (Breedfeld and
Prausnitz [6]). The calculations show that within the temperature
and pressure ranges of interest in the pPresant study,
hydrogen-nitrogen mixtures deviate only to second order from ideal
solution behaviocur.

The general characteristics of the tempnerature-enthalpy
cirves for ammonia and for the complementary 3:1 hydrogen-nitrogen
mixture associated with the reaction (3) are illustrated in
Figure 2 below for a system pressure of 300 atmosphares. The
complementary fluids are represented by the left and richt extreme
curves respectively, the gas mixture being characterised by
essentially constant specific heat whereas the curves for ammonia
exhikit pronounced curvature within the vaporization region. No
definite boiling temperature is evident since the system pressure

exceeds the critical pressures for ammonia.
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Calculation of thermcdynamic prop=2rties for intermediate
mixtures of ammonia/hydrogen-nitrogen represents a formidable
problem since ammonia is a polar fluid. Advanced corresponding
states principle techniques that have been developed recently [6]
can, however, cops with ths problem within the high temperature
single phase regicn, as shown elsewhere [5] bv comparison between
computed and observed heats of mixing, Ammonia/hydrogen-nitrogen
mixtures behave essentially as regular solutions in the high
temperature region above 800 X; that is, the mixing hesat for a
given mixture is finite but independent of temperature. This
effect represents the macroscopic manifestation of the persistent
intermolecular forces caused by the finite polarity of the ammonia
molecules. Mixing heats at temperatures above 800 K increase from
typically 1% to 3% of the reaction enthalpy for pressures in tha
range 100 tc 300 atmospheres. In his study we adopt the
approximation that within these ranges of temrvcerature and
pressure, mixing heats may he neglectad; that is, mixtures within
these ranges will always be treated as ideal sclutions, It would
ke unwise to apply such an approximation to systems at higher
pressure which deviate rather more strongly from idsality,

The only other thermodynamic data we have located within the
literature suitable for the calculation of energy storage
efficiencies for the ammonia/hydrogen-nitrogen system are phase
equilibrium measurements by Michels et al [7] which dofine the
compositions xl(T) and xg(T) of the liquid and gas phases within
the two~rhaso region. The measurements are summarised in
Figure 1, the left hand side of each curve representinc the effcct

of the limited solubility of the Jas mixture in ammonia and the
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right hand side representing the effect of finite amcunts of
ammonia vapour within the gas phase. The equilibrium compositions
X, and xg at T may be determined from the intersections of the
phase egquilibrium curve with the isothermn at T. We have been
unable to locate data defining the systen enthalpies H(xl) and
H(xg) corresponding to the phase equilibrium compositions but show
below that these may be gersrated by application of the separation

work criterion developed in the following sections.
2.2 Separation Work Criterion

It was shown in [1] that separation work in a 1liquid/gas
separating thermochemical energy transfer system is developed
internally by degradation of mixing heat and indeed, for the

general reaction (1), the wocrk
W (x) = TSASm(x) (5)
required for separation of a mixture at x into 1liquid and gas

phases at 'IS comprising pure A and pure B respectively, is egual

to the loop worl defined by

T
f
W (x) = arsE®(x,m1 [1 - ’s (6
L+* Xy T )
r'[‘S

where AH™ (x,T) is the excess heat of mixing given by

pr®(x,T) = H(x,T) - (1 - §)H(0,T) - 8 (1,T) (7)
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and whers the temperatura limit Tf occurs within the ideal
solution region at high temperatures; that is, within the region
where the mixing heat given by (7) eguals zero. The entropy of
miving in (5) is given by

Rm

ASm(x) SR e O [xInx + (1 - x)1In{1 - x)] (8)

The eguality betwesen equations (5) and (6) may be uszd as
the basis of a criterion for determining wvalues for mix*ure
enthalpies H(x,T} throughout the temperaturs range of interest.
Before this criterion may be-developed, howsver, it is necessary
to generalise equations (5), (6) and (7) to include the case where
incomplete separation occurs at TS; that is, to the casec where
finite amounts of gas are dissolved in the liguid phase at TS' and
vapeur from the liguid component is present in the gas phase. The
liquid and gas phases are characterised then not by the pure

components A and B but by mixtures which we define respectively by

mole fractions X1g and X of B. The temparature-enthalpy curves

gs
for the mixtures at X1 and xgs intersect the dew line defining
the boundary between the single phase and two-phase regions at T_.,

S
as shown in Fiqure 2.

In order to extend the analysis tc the case of incomplate
separation, we define a generalised excess hecat of mixing at x

referred to the extreme enthalpies at g and ng:

E - -
SET(,T) = HOGT) - (1 -®)HGe 1) - THx ,T) (9)
where
_ d - 6 (10)
2 = .6—--—Ji



Since no mixing occurs between phases, the mixing heat (9)
is =zero at Tg and, by molar proportions, is zero also within the
ideal solution region at high temperaturcs. It is <hesrefcre
possible to identify a cyclic path, as illustrated in Figure 2,
around which locp work at x may be calculated as

Te
o f - F TS“ 1
WL(X) = Jd[AH {x,T)] |1 ~ T (11)
Ts

The same arguments as presented in Section & cf [1] mav now bhe

used to show that the loen werk equals tha separation work
Wgix) = T A8 (x) - (1 - x)ASm(xlS) - xASm(XgS)] (12)

where ASm(x) is given by (6) and where

X"Xl
X = —3= (13)
xgs 1ls

The eguality between the locp and separation work equations
(11) and (12) may be used as a convenient criterion for testing

the thexmodvnamic consistency of any trial curve defined ky values

of E(x,T) ag a representation of the temperature-anthalpy
characteristic curve for the mixture at x, Given values of
H(x,T), the excess heat of mixing defined by (9) mav be computed

throughout the temperature range and hzsnce a value determinad for
the loop work W;(X) given by (11). The +trial curve is
thermodynamically consistent only when the loop work enuals the

separation work (12), a requirement which must extend over the
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full spectrum of available mixtures between X and ng.
Development of the iterative method for determining the consistent

values of H(x,T) is described below in Section 2.4,
2.3 Generation of H(x,T) Values

In order to apply the above criterion it is necessary to
generate trial values of H(x,T) and this may be accomplished in an
ordered manner if a trial curve is initially defined for the dew
line, as shown in Figure 2. Once the dew line is defined, then
the phase equilibrium enthalpies Hd(xl) and Hd(xg) corresponding
to the liquid and gas phases respectively are defined also at each
temperature T within the two-phase region from the intersections
between the dew line and the isotherm at T {(given
temperature-composition information, as shown for example in
Figure 1). By assuming that no mixing occurs between phases, the

enthalpy of any two-phase mixture at T may then be determined as

H{x,T) = (1 - Sd)Hd(xl) + 5de(xg) (14)
where
§ - &
5. = L
d ag N (15)
The variables Ed’ 61 and 69_ are all temperature dependent

through the phase composition data for 29, and Xg’ as shown in

Figure 1.
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Values for H(x,T) are known from (14) within the two-phase
region and also, from molar proportions, are known within the
ideal solution region at high temperatures, Within the
intermediate single phase region where mixing heats are finite,
however, there is generally insufficient data in the literature to
define mixture enthalpies. In order to complete the
temperature-enthalpy curve defined by H(x,T) for a given mixture,
it is therefore necessary to apply a suitable interpolation rule
for connecting the ideal solution and two-phase regions.

Given that insufficient data is available for defining the
exact shape of the temperature-enthalpy characteristics within the
intermediate region and that further, no unusuwal variation is
expected, we have adopted a simple quadratic interpolation rule
based on values of H{(x,T) at 800 K and 1000 K within +the ideal
solution region, and a third value defined by (14) at the single
phase/two-phase boundary. The interpolation rule is illustrated
in Figure 2, The rule has been applied to all mixtures except
those at very low values of x corresponding to the left arms of
the phase composition curves shown in Figure 1. As X tends
towards zero, the wvalues of H(x,T) must tend towards H(O0,T)
corresponding to pure ammonia and therefore the curvature of the
characteristic curves becomes more pronounced within the
vaporization region than can be adequately represented by a
guadratic interpolation. Deviations from the guadratic
interpolation rule were introduced in this region, based on the
tendency towards the curvature of the pure ammonia characteristic
curve. Rather greater uncertainty in the interpolation procedure
is thereby also introduced, but only within a very small region at

low x.
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2.4 Application of the Separation Work Criterion

We have shown above that values of H(X,T) may be generated
provided that the dew line is defined. 1In this section we locate
the thermodynamically consistent values of enthalpy corresponding
to phase equilibrium, thus allowing the dew line to be positioned
on the temperature-enthalpy diagram. In defining a trial curve
for the dew line, we adopt the initial assumption that the
mixtures comprising the liquid phase at low x obey Henry's law.
Values of Hd(xl) and hence the left arm of the dew line shown in

Figure 2 may thence be defined as
Hd(xl) =SNGt S Gl)H(O,T) + 51H(1,T) (16)

Since X, is small for the ammonia/hydrogen-nitrogen system, as
shown din Figure 1, and since mixing heats are not expected to be
large for solutions of gases in liquids, significant errors are
not anticipated. Moreover, deviations from the assumption may be
introduced by means of the iterative procedure described below.
The iteration adopted for positioning the dew line on the
temperature enthalpy diagram is outlined in Figure 3. The left
arm of the dew line is defined initially according to (16) and an
arbitrary trial curve 1is then chosen to complete the phase
boundary. At each x, values of H(x,T) may then be generated
according to the procedure described in Section 2.3, and the loop
work W;(x) hence computed from (9), (10) and (11). The reference
temperature Tg is initially chosen sufficiently low that the

extreme mole fractions X, and Xg in (9) approach zero and unity
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respectively. For the ammonia/hydrogen - nitrogen system, TS is
chosen equal to 250 K. If the loop work exceeds the separation
work calculated from (12), then the dew line must be raised
towards high temperatures in order to reduce the area of the loop
shown in Figure 2. Conversely, if the separation work exceeds the
loop work, the dew line must be moved towards lower temperatures,
Thermodynamic consistency at each x is only obtained when the loop
work equals the separation work.

The separation work criterion is applied £first at high
values of x, corresponding to low temperatures, and is then
applied successively at lower values of x until the full span of
the right arm of the dew line is defined. The left and right arms
of the dew line must be connected smoothly so that a single
continuous curve consistent with the phase composition data of
Figure 1 1is obtained. Fine adjustments to obtain a better
correlation between 1loop and separation work are effected by
varying the position of the left arm. The extent of correlation
achieved for ammonia/hydrogen-nitrogen is shown in Figure 4.
Here, the correlation corresponding to TS = 300°K is <calculated
directly from (11) and (12) on the basis of the dew line position
evaluated from the earlier choice of T = 250°K. The 300 K
correlation represents the better assessment of the procedure and
shows that the requirement for thermodynamic consistency has been
essentially satisfied. The small differences between separation
and loop work seen in Figure 4 are only secondary and result from
deviations from the assumed quadratic interpolation rule.

Insufficient experimental data is available to justify development

of a more accurate correlation at the present time.
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2.5 Temperature-Enthalpy Characteristic Curves

A complete set of H(x,T) values covering all mixtures and
all temperatures within the range of interest are generated by
application of the separation work criterion, as shown in
Figure 5. Corresponding thermodynamic information for Gibbs' free

energies may be generated by use of the Gibbs'-Helmholtz relation

T
r
G(x,T) = i‘T—OG(x,TO) + TJ H(x,T)d[%—J (17)
T
0

where T, is chosen sufficiently small that the 1ligquid and gas
phases are separated completely into ammonia and hydrogen-nitrogen

respectively. In that case
G(x,T5 = (1 - S)G(O,TO) + 8G(1,T,) (18)

where G(1,T0) for the 3:1 hydrogen-nitrogen mixture includes the
appropriate Gibbs' free energy of mixing. The equilibrium lines
shown in Figure 5 are defined by the equilibrium mole fractions Xa

which may be evaluated for each T and P by applying the

equilibrium condition

8G(x,T
e T) =0 (19)

P4
e

Complete tabulated thermodynamic data developed by the methods
described in this paper are detailed elsewhere (Williams [81).

The temperature-enthalpy characteristic curves comprise two
distinct zones as seen in Figure 5, The dew line for each

pressure has been positioned to within a fitting accuracy of
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+ 0.5 K, corresponding to a fitting accuracy of typically

I+

50 cal/mole NH3 for the H(xX,T)values within the region near the
phase boundary.

The only thermodynamic data we have located within the
literature available for testing the validity of thermodynamic
data generated by the present method has been recorded by
Michels et al [9] for a single mixture of ammonia/ 3:1 hydrogen-
nitrogen within the single phase region immediately above the dew
line. This data is compared in Figure 6 to the predictions of the
present analysis with good agreement being obtained, even to the
extent that the correct variation of enthalpy with pressure is
predicted. Lower values of specific heat are predicted by the
present analysis but this discrepancy is not unexpected in view of
the lack of information available for defining the interpolation
rule required in the analysis. It is shown in the following
section by comparison between experimental measurements of heat
exchanger outlet temperatures and predictions from the present
analysis that the assumed quadratic interpolation rule is guite
adequate for the desired purpose of calculating energy storage

efficiencies.

3. ENERGY STORAGE EFFICIENCIES

Energy storage efficiencies calculated from (2) for
conditions of pure ammonia feed to the endothermic reactor and for
TS chosen as 300°K are shown in Figure 7 as a function of
endothermic reaction extent. The maximum value AHmax of enthalpy

difference defining the denominator of (2) generally corresponds
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to the dew temperature for the given mixture, as is evident from
Figure 5. Energy storage efficiencies equal to unity are obtained
for =zero reaction extent and for values of & greater than 5g(TS)
since in each <case no heat is available to waste to the
environment, Energy storage efficiencies are less than unity for
intermediate reaction extents and beyond the initial fall in value
at low ¢ increase steadily towards unity as the reaction extent
increases. A practical endothermic reactor would clearly need to

be operated at high reaction extent, being greater than 0.90

TsT
for ammonia/hydrogen nitrogen when § exceeds 0.60 and increasing
towards unity with increasing §. This result shows that energy
storage efficiency is unlikely to represent a limiting factor in
the development of thermochemical energy transfer systems for use
in distributed solar power plants.

The energy storage efficiency calculations presented in this
study may be tested by comparison with measurements originating
from thermochemical energy transfer experiments performed in this
laboratory. These experiments were designed to study the
fundamental principles underlying the operation of a
thermochemical solar absorber based on the ammonia dissociation
reaction. The results are reported in detail elsewhere (Williams
and Carden [10]). In the experiments, a stream of ammonia was
passed through one side of a counterflow heat exchanger to an
electrically heated reactor where it dissociated partially to form
an ammonia/hydrogen-nitrogen mixture. The mixture was returned
towards ambient temperatures by passage through the second channel
of the heat exchanger. The exchanger was insulated against

thermal losses and operated in standard manner with large
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temperature differentials developed between the counterflow
channels as a result of the differences between the spvecific heats
of the two fluids. Heat is rejected from this system in the form
of finite sensible heat carried by the fluid mixture passing from
the outlet. The heat is wasted to the surroundings as the output
fluid is piped from the heat exchanger. The corresponding value
of energy storage efficiency is obtained as

H(X,TS) = H(O,TS)

st T H(x,T)) - H(0,Tg) (20)

where the numerator represents the chemical energy passed to
storage and the denominator is the summation of the stored and
lost energies. The heat exchanger inlet and outlet temperatures
are defined by Tg and T, respectively.

Given values of Ngp such as in Figure 7 together with the
thermodynamic data of Figure 5, it is possible to wuse
equation (20) for predicting T, at chosen values of mixture
composition, pressure and inlet temperature. The results of such
predictions are shown in Figure 8 together with measured values of
the heat exchanger outlet temperature. Temperature measurements
are accurate to within f£2°C and composition measurements to within
typically £ 2%. Although the extent of the data is somewhat
limited (the experiment not being designed primarily for the
present purpose), it is clear that the predictions reproduce the
observed trends and lead us to the conclusion that +the method
adopted in this paper for generating thermodynamic data is
satisfactory for the purpose of predicting enerqgy storage

efficiencies. In particular, we conclude that the calculation of



Page 17

energy storage efficiencies is not 1limited by the lack of
information for defining the exact form of tha interpolation rule
used in application of the separation work criterion. Further
experiments covering a wider range of mixtures than that evident
in Figure 8 and also based on more accurate temperature
measurements would be required for a more rigorous comparison to
test the sensitivity of +the method +to the form of the

interpolation rule.

5. CONCLUSIONS

In this paper we have calculated energy storage efficiencies
for a solar thermochemical energy transfer system by a method
which requires generation of thermodynamic data not readily
available in the literature. The method of generation is based on
the use of phase equilibrium data for two-phase mixtures together
with application of the thermodynamic critarion tha: the correct
value of separation work for any given mixtures should be generated
internally within the system. We are not aware that this
criterion has been applied previously. It is shown that energy
storage efficiencies in excess of 90% may be obtainad readily for
a solar thermochemical energy transfer system based on ammonia
dissociation/synthesis provided that the extent of the
dissociation reaction exceeds 60%. It is not anticipated that any
practical difficulties will be encountered in achieving this

requirement.
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NOMENCLATURE

G(x,T)

H(x,T)

AH(T)

AH
max

ARE (x,T)
ARE (%, T)

H(xl), H(xg)
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Reactant species.

Product species.

System Gibbs' free energy at x, T and P,
including reactant and product mixing terms.
System enthalpy at x, T and P.

Enthalpy difference between the heat exchanger
feed and resturn f£luids.

Maximum value of AH(T) throughout temperature
range.

Excess heat of mixing defined by (7).

Excess heat of mixing defined by (9).

Liquid and gas enthalpies defining the dew line,
Moles of B produced per mole of A consumed.
Gas constant.

System pressure.

Entropy of mixing at x.

Absolute temperature.

Heat exchanger inlet temperature.

Heat exchanger outlet temperature.

Reference temperature wthin the ideal solution
region,

Loop work defined by (€) and (11).

Separation work defined by (5) and (12).

Mola fraction.

Equilibrium mole fraction.

Reduced mole fraction defined by (13).



xl(T) i xg(T)

1s’ “gs
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Liguid and gas mole fractions defining the
dew line at T.

Liquid and gas mole fractions defining the
dew line at Tg -
Weight fraction.

Liguid and gas weight fractions defining the

dew line at T.

Ligquid and gas weight fractions defining the

dew line at TS'

Reduced weight fractions defined by (10) and (15)}.

Energy storage efficiency.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5
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Phase composition measurements for ammonia/

3:1 hydrogen-nitrogen from Michels et al [7].
Temperature-enthalpy characteristics for
ammonia/ 3: 1 hydrogen-nitrogen at 300 atmospheres
illustrating the dew line positicn and the cyclic
path from which the loop work at x is developed.
The dashed line represents the molar proportions
path of the wvirtual mixture and the dotted section
of the true mixture path represents the quadratic
interpolation referred to in the text.

Flow diagram outlining the iterative procedure for
defining the position of the dew line at x on the
temperature-enthalpy diagram.

Comparison betwesn separation work calculated

from the ideal solution formula (12) (full

curves) and loop work calculated from (11).

o T. = 250 K

) T, = 300 K

Temperature-enthalpy characteristics for ammonia/
3:1 hydrogen-nitrogen within the range 100-300

atmospheres.



Figure 6

Figure 7

Figure 8
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Comparison between the predictions of the Present

analysis and the experimental measurements of

Michels et al [9] for an ammcnia/ 3:1 hydrogen-

nitrogen mixture at 6§ = 0,64,

] 100 atm.

+ 200 atm,

o 300 atm.

Energy storage efficiencies for
3:1 hydrogen-nitrogen (Tg = 300
ammonia feed.)

Comparison between observed and

ammonia/

K and pure

calculated

heat exchanger outlet temperatures for ammonia/

3:1 hydrogen-nitrogen.
® 100 atm
+ 150 atm

o] 200 atm
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MOLE FRACTION 3:l H2/N2
FIGURE 1: Phase composition measurements for

ammonia/3:1 hydrogen-nitrogen from
Michels et al [7].
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FIGURE 2:

( KCAL/MOLE NHj )

Temperature-enthalpy characteristics for
ammonia/3:1 hydrogen-nitrogen at 300
atmospheres illustrating the dew line
position and the cyclic path from which

the loop work at x is developed. The

dashed line represents the molar proportions
path of the virtual mixture and the dotted
section of the true mixture path represents
the quadratic interpolation referred to in
the text.
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§ = 0.64,
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FIGURE 7: Energy storage efficiencies for ammonia/
3:1 hydrogen-nitrogen (TS = 300°K and
pure ammcenia feed).
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