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ABSTRACT

Theoretical thernodynamc sinulations (analyses) were
carried out on the "Extraction-System Attached" (ESA) Anmoni a-
Wat er Absorption Heat Punp cycles which were devel oped with the
aim of inproving the thernodynam c performance achievable wth
the conventional cycle. Theoretical sinmulation of the Iiquid-
liquid-equilibria (LLE) of amion i a-water-3ol vent (ternary)
systens using the tested sem-enpirical nodel called UN QUAC
equation was the basis for determning whether or not the
extracting solvents (of desirabl e physical properties) could form
two- phase ternary systems with aqueous ammonia solution. The
UNI QUAC binary paraneters of anmonia-water mxtures and the
binary m xtures of the selected solvents and water or amoni a,
for use in the LLE simulation, were obtained from nutual
solubility and infinite dilution coefficient data. Capacity and
selectivity diagranms obtained from the data generated from LLE
simul ati on were used for further confirmation of the suitability
of the solvents for liquid-liquid-extraction process.

Five cycles were derived from the conventional absorption
system by using the extraction or stripping separation process
as substitute for the non-isothermal separation process used in
t he conventi onal anmoni a- wat er absorption heat punp.
Ther nodynam ¢ anal ysi s nodel s used for obt ai ni ng t he
irreversibilities and COP of the cycles were derived from
systems paraneters and working fluid properties such as
concentration of strong (XST) and weak (XWK) aqueous ammoni a

solution, reflux or recirculation ratio (R), solvent-to-feed



Vi
ratio (SFR), enthal py change. Sinulation of these thernodynam c
nodel s for two ESA-amoni a-water absorption heat punmp cycles
(enploying five different organic solvents inthe extraction step
of the system and the conventional anmoni a-water absorption heat
punp cycl e at two evaporator's tenperatures indicatedthat better
t hermodynam ¢ performance, in term of the COP (heating and
cooling nodes) and irreversibility, could be achieved by using
liquid-liquid extraction process to recover anmpbnia from the
strong aqua amonia fornmed in the absorber during the pump's
operation. The cycles enploying nitrobenzene as the extract
sol vent, anong the. KSA systens, gave the lowest irreversibilty

and hi ghest COP val ues.
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CHAPTER ONE
1. ANTRODUCTION

1.1 Enerey and 1ts Conservation

The rate of depletion of foasil fuela which are the
major world energy sources ie expected to keep rising with
econonic growth given the reported dwindling effort in energy
congervation in the industrialiesed world after the crash of oil
prices in the seventies [Anon.., 1980al. This anticipated
intreased pressure on thege non—-renewable energy sources could
lead to a rise in energy cost. The pollution problems usually
aspocliated with thelr utilisation also pose a threat to their
uges in future [Anon.. 1990a: Scoullios. 1890: Anon., 18801,

It is therefore necessary that strategiee that will reduce
pressure on fossil fuels and, for that matter, energy sources in
general, be pursued. Two of such strateglies are:-

a. Reduction of waste in fuel consumption, i.e,

congervation of energy.

b. Increased utilieation of the renewable energy
sources, which are clean and free but have low
utilitarian value, e.g. solar energy.

The former etratedgy could be achieved by elither:

- decreasing economic activities requiring eneray
thereby reducing the amount of aggregate energy

consgumed in the economic syatem, or

- using the available energy more efficiently. This

energy conservation strategy. unlike the former. does
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not constrain economic growth and development.
Moreover, it minimiees pollution problemse through the
reduction of the foeeil fuel that will be burnt in the
firset place. Thus this approach ie preferred from two
perspectives:
- compatibility with economic growth
- minimization of environmental pollution
With this approach energy conversion and/or
consumption wethode that produce as little reject
(waste) heat as vpossible are emploved in unit
proceeses and/or operatione. Furthermore reject heat
ie either recycled to extract from it all useful work
or it (including those wasste heat which otherwise are
normally considered unavoidable) is upgraded to a more
useful level.

Heat pump as the only device currently available for raising
the temperature of waste heat to more useful level could be used
for energy conservation. The device is also the basias for
refrigeration and air-conditioning. It lis thus worthwhile to
examine possible means of reducing energy degradation
accompanying its operations since this will boost the unigue

attractiveness of its applications.

In a typical heat pump, heat energy is picked up from one
area of the eyetem called the heat source and delivered at
another area of the same system known as the heat gink. In the

process the quality of the heat energy is upgraded such that the
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low grade snergy taken up st the hest source ig svailsable =t the
heat eink ot & higher temgperature as higher guality energy. The
medive for the transfer and uvegrading of the energy which is
called working fluid, urndergoes vhase changes as it movers through
the sevatem in accordance with the prevailing thermodynamic
conditions at different points in the systew. During the vrocess
of "hest pumping” the heat source is cooled and the heat sink
becomes hotter,

It wass esptimated that economical operation of heat pump
counld lead to the recovery of 1.06 X 1087 of energy per year from
DSA industrial eector and that about 28X of waste heat waa
rajectad as low temperature energy that might require upgrading
by heat pumping in 1877 [Olezeweki, 1980). Apart from upgrading
heat for heasting purposes., a heat pump is used for cooling

{refrigeration and air-conditioning).

Different criteria are used in classifying heat pumps
fAdefila.1983: von Cube sand Steimle.19817. Bugaje [1887]
rublished a detailed clasasification of heat pumps. Vapour
compregaion heat pump and vapour absorption heat pump are two of
the most porular classes.

A vapour compression heat pump is made up of two heat
exchangere (evaporator and condenser). compressor and expansion
valve. The evaporator and condenser exchange heat energy with
heat source and sink respectively and the compressor provides the
high grade energy (HGE) and the means of maintaining the

throttling effect in the syvstem. In this syvatem. the working
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fluid flowing through the evaporator takes up the low grade
energy from the environment and vaporisee (or expands).
Thereafter, the vapour {(or gas) is lifted to a higher pressure
by compresseion. The working fluid then condenses (or couwpresses)
by relesping ites lateat heat of waporisation before it i=
throttled Lo the lower preesure in the evaporator, and the cyele
contimes. A dizgrzns of vapour compreselon hest pump ie shown in
Figore 1.1.

In the vapour absorption heat pump. a "thermodynamic pump”
performe functione similar to that of the compressor in the
vapour compression heat pump. The "thermodynamic pump” consists
of the absorber. the liquid pump and the desorbing unit. This
difference in the hardware architecture of the two systeme is due
to the fact that in a vapour absorption heat pump. liquid rather
than vaprour ig 1ifted to the higher pressure. The absorption of
the main working fluid by the absorbent takes place in the
absorber: the resulting working fluid mixture formed by the main
workina fluid and the absorbent is then 1lifted to the higher
pressure by liquid pumix. The main working fluid is theresfter
separated from the absorbent in the generator by the addition of
heat energy. The desorbed main working fluid goes to the
condenser snd from here it goees through the same steps as in the
vapour compression heat pump until it reaches the evaporator.
Meanwhile. the absorbent, which is the working fluid mixture
deprleted of the main working fluid, is cocled and sent back to
the abesorber. The wvapour of the main working fluid from the
evaporator is transported into the sbeorber where it mixes with

the absorbent to form the working fluid mixture, and the cycle
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continues. A diagram of the conventional vapour absorption heat
pomp is shown in Figure 1.2,

In contrast to the vapour compression heat pump, there are
two unite of equivment exchanging energy with the heat (energy)
sources and another two or three do the same with the heat sinks
in the absorption heat pump. These are the evaporator. generator,
absorber, rectifier and condenser. Mechanical energy. albeit
relatively small, ie supplied by the liguid pump.

Som& of the common working fluid pairs used in the vapour
abeorption heat pump are ammonizaz-water. water-lithium bromide and
ammonia-sodium thiocyvanate. The first compound in the above-
listed pairs are the main working fluide of the systems.

As it has been pointed out already heat pump ie used in the
cooling and/or heating wodees. Infact the pomp neceesarily worke
in the two modes simmltaneously and ite ability to do so improves
the economice of ites application. In the heating wmode, space
heating, water heating and drving are some of ite usee. In
addition to upgrading the quality of reject heat., heat pump can
aleo be used to improve the guality of low grade energy from
primary sources such as solar energy. In whatever capacitv heat
pump is to be used ite utilisation would onlyv become more
important if “heat vpumping® proceee 1is made more energy

efficient.
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1.2.2 Cienoy « & ;

The coefficient of performaence (COP)Y iz a popular messure
of the efficiency of a heat pump svetem . Its value depends on
the tvepe of, and the mode in which, the pump is operating.
Generally, the vapour compression heat pumps have higher COP
valuee than the vapour abscorption heat pumpas and the COP of s
syatem ig higher in the heating mode than in the cooling mode.

The efficiency of a heat pumpr is related to the level of
irrevereibilitiea in the svatem. The higher the level., the lower
the efficiency and vice-versa. Irreversibility is caused by non-
ideality in the hardware, the working fluid and the procesasea of
the system. The non-idealitv in the hardware is dictated by the
technology gap in the fabrication of the equipment of interest:
the wider this gap the more the hardware-related non-ideality.
The non-ideality in the working fluld could be traced to the
thermorhysical and chemical properties of the fluid. Some of the
irreversibilities uesuallv encountered in the heat vump and hest
engine cycles that are traceasble to the non-ideality in the
working fluid and/or the processes are thoge due to:

- large temperature difference during hest transfer

between the working fluids and heat sourcee or sinks.

- unrestrained expansion of the fluid as in the

throttling rrocess

- friction experienced by the working fiuid as a result

of its thermophvseical properties.

In addition. irreversibility could be introduced as a result
of the inability of the working fluid to meet wvarious

thermophysaical and kinetic requirements of an idesal working
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fluid. Some of these proverties have been listed by Adefils

(19837 and Manesouwri and Patel (19791,

1.2.3  Abscrntion heat pump

The effect of modification of a8 cyecle of heat pump is
obvious from the comparison of the values ¢f the COFP of wvapour
compression heat punpe and vapour absorption heat pump. Though it
has the lower COF. absorption heat pump is preferred to the
vaprour compression system in some sapplicatione because of ite
advantagesa. some of which are listed below.

- relatively low auantity of energy is required to lift
liquid to the higher pressure compared to that
required for the vapour of the game compound to be so
lifted.

- the liquid pump is the only machine in the evetem and
the only obiject with moving part. So its operation is
simpler and it is chearer to maintain.

- it can use relatively low grade energy as heat source,

- efficiency of the svatem is less sensitive to the
operating temperature than the vapour compression
system.

In abaocrption heat rump absorbent brings the working fluid

into the liquid state at a fast rate so that:

- the working fluid vapour la continuocusly sewept away
from the evaporator to ensure that the reguired

refrigeration load is maintained.
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- the liguid solution resultineg can be lifted to higher
preseure using liquid puany in place of compressor used
in veapour compression system: this ensures that lesse
guantity of mechanical energy ie used for lifting the
working fluid to higher pressurs,

Since sabksorption process is necessary in the vapour
shasorption heat pornp there is the need for the desorption of the
working fluid from the mixture of the working fluid and the
abeorbent. beczuse the mixture does not ususlly make 2 good
working fluid. For inetance, water on ite own ls an excellent
working fluid in certain applicatione but in smmonis-water
sbaocrption hesat pamp it is necesesry Lo sepazrate smmonizn from
water after the abesorption process because if water goes through
the rest of the cycle with smmonia, the following undesirable
phenowmens would arispe:

- blockege of the evaporstor s pipes shall ensue and
this can cause a reduction in the efficiency of the
gyetem and buresting of pipe.

- larger condenser unit would be required and this means
higher cost,

Rectification is wusually required to obtain pure main
working fluld after vapour generation where the difference in the
vapour pressure cof the main working fluid and the abgorbent is
not large enough to prevent the wvapour of the absorbent from
being desorbed with the varour of the main working fiuid in the
process of regeneration. A minimum difference of 200=C ie
expected between the normal beiling peoints of the absorbent and

the working fluid to avoid rectification [Renz. 18781. Thus in
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the conventional ammonia-water absorption heat pump cvcle,
rectification pvrocese is included in the "thermodynamic pump” as

shown in Figure 1.3.



dwng j8aH u0|}dI0SqQy JOJBM-BIUOWWY |BUOIJUSAULOD €'} 8inb|4

- =
= R e

HOS8vY

w

NI =
=S

7

HOLVYHCOGVAS
v

\) vu____/
DISNYE XS

L
Z W

O U_)

)=
w =

JATYA
NOISNYd X3

™

»

43SN3ANOD




13

1.3 Besearch Objectives
1.3.1 Broblew definition

The maximum obtainable COP for vapour absorption heat pumps
have been reported to be 1.80 and 0.80 for heating and cooling
modes respectively [Kanoche,1982: Landauro-Paredes et al. 1983].

Mumah [1860] hae eatablished that thermodvnamic pump is the
greatest source of irrevereibility in ammonia~-water vapour
ahaorption heat pump. Absorption process is en indispensable part
of this heat prump svstem snd the fast rate of mixing and hilgh
capacity of the absorbent for the working fluid desired in the
procese makes it inevitably an exothermic process.

In the conventional absorption heat pump the vehicular fluid
{ absorbent}, having carried out ite primary function of
liquifying the working fiuid, is still pumped to the higher
pressure only to be throttled back to the lower rressure after
it ia msevarated from the working fluid. Before thies vehicular
fluid is throttled to the lower pressure, it consumes. as part
of the working fluid mixture, substantial part of the HGE
suprlied to the svatem in the vapour generation stage. Yet it has
to be cooled after it has been separated from the main working
fluid. This then means that the part of the HGE so expended is
not available to enrich the quality of the low grade heat energy
taken up at the heat source by the working fluid. Thus the work
and, heat tranasfer and the associated energy dissipation,
occurring in the course of:

- transportation of the vehicular fluid from and to

the abecrber, and
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- separation of the working fluid from the
vehicular fluid
could be avoided or reduced if the two flulds were separated
before pomping to higher preesure takee place.

Irreveraibility alsc ocoure in the process of heating for
pepsration , and cooling thereafier, of the absorbing fluid, as
a repult of heat transfer =moross large temperature gradient
involved in the separation and cooling stepe. The irreversibility
due to the hestinege =nd cooling of the abesorbent should be
avoidable if absorbent can be recovered isothermally before the
fiunid ia yumped to the higher pressure.

On the basis of this gualitative analveis it is expected
that focusing oo the procesees of the thermodyammic pump would
be & feanitful effort in reducing or eliminating =mome of the
irreversibilities sccompanying processes in the thermodynamic

ponge a¢ that higher COP can be obtained in the syetenm.

1.3.2 I [

The main objective of this work is to carry out a
theoretical modification of the post-absorption processes in the
“"thermnodynamic pump” of the conventional ammonia—watar absorption
heat pump such that the coefficient of performance of the avatem
ie increased by incorporating liquid-iiguid extraction unit in
the system. It is exprected that the HGE coneumed by the vehicular
fluid and the consequent degradation of this high gquality energy
could be reduced or eliminated if processi{as} that engender(s)
the consumption of this HGE bv the vehicular fluid could be

modified or eliminated.
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Cheng and Shih (19871 etated that COP valuee higher than the
usually obtained figuree could result if liquid-liguid extraction
process is used to remove water from water-lithiuvm bromide
mixture in the water-lithiom bromide absorption heat pump. Apart
from the advantage of replacing the non-isothermal separstion
process of the conventional vapour absorption heat pump system
with isothermal or anearly-isothermal procese, a reduction in the
water content of the agueous ammonia solution prior to pumping
should reduce the irreversibilities associsted with pumping,
heating, cooling and throttling the abeorbent component of agua
ammonia. In addition, lese HGE would be needed if further
purification. bv non-isothermal mesne, of the resulting ammonis
is needed since the amount of water in the impure ammonia would
have been reduced drastically. The irreveresibility involved is
aleo expected to be reduced substantislly.

It will be a big boost if thie envieaged higher efficiency
resulte in cost saving. To achieve the major objective stated
sbove it is necessary to:

(a) examine all the possible extraction configurations (schemes)
to determine if they can be realised in practice.

(b) identify potentially useful solvent and carry out the
computer simulation to obtain the conjugate phase compositions
of the ternary systems formed by such solvents and the agueocus
ammonia mixture, so0 as to determine:

- if the ternary mixtures separate into two layers

- if the capacity and selectivity of the solvents are

appropriate
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(c) develop possible alternative thermodynamic cycles based on
the result of (a) above and:
- carry out the thermodynamic analysis of the resulting
ammonia-water absorption systems and calculate their
COPs.
- determine, if possible, the optimal COP for each

cycle.

The achievement of the obiective of this work is of
technological and economic significance. The increased efficiency
anticipated would give greater impetus to the use of heat pumps

aa thie mayv reduce the operating cost of the svstem.



17

CHAPTER TWO

2. LITERATURKE REVIEW

2.1 Problems gf Energy

The per capita energy consumption of the world was put at
an average of 1.8 in 1985 {Anon.. 1990}. North America was
reaponeible for the highest value of about 7.8gJ while Africa and
Amia-Oceania Jjointly accounted for the least value of about
0.3a7.

While the price hike of petroleum o0il in 1873 forced the
industrialised countries to pay attention to the need to cut
energy loas by reducing wastage and increase efficiency since the
early geventiea, it is only in the last seven years cor so that
the world atarted paving serious attention to the environmental
rellution consequenceg of the consumption of energy from sources
guch aes fossil fuels. These fuels give off green house gases
(GHG) which increase the temperature of the surface of the earth
{Anon. 1880a1. The GHG include carbon dioxide (COz)., dinitrous
oxide (Nz0}', methane (CHa). chloroflucorocarbong {CFCB), etc.

The threat of earth warming demands that consumption of
foaail fuels be reduced in order teo reduce the emiasion of GHG
inte the atmosphere. Yokobori [1880171 has shown through EqQquation
2.1 below that o change in GHE emiseion is a function of three
factors namely,. economic growth (GNP}, change in energy intensity

of the eceonomy and change in GHG intensity of the energy.

GHG emissgion = Energy/GNP x GHG/energy x GNP ... ... _... 2.1
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It is obvious, from the egquation. that to keep economic activity
going with little or no GHG emission, " ... a great improvement
in energy/economy intensity (i.e. energy conservation) or
GHG/energy intensity (i.e. a shift away from carbon intensive
energy sources) or both will be required” (Yokobori, 19901. The
second option constraine the use of fossil fuel as energy
sources. However from Table 2.1 below, it can be seen that the
world would still have to depend on foseil fueles for some time
to come.

It is known that by adopting energy conservation strategy
which include energy efficiency improvement, faster benefit is
produced at less cost than other options like installing new
energy conversion plants; it also minimises negative effects on

the environment [(Scoullos, 1990].

SOURCES OF ENERGY CONSUMPTION, %
OIL 33
COAL 26
NATURAL GAS 17
RENEWABLE ENERGIES 14
HYDRO AND OTHERS 6
NUCLEAR 1

Table 2.1: Global Distribution of Energyv Use in 1986
fAnon., 1990]
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2.2 Strategies for Reducing or EKliminating Irreversibilities

Improved energy efficiency usually leads to savinge in cost.
An impresesive case concerning refrigerator has been reported by
Scoullos (1990] in which he stated

“... by spending US$240 million to improve the energy

efficiency of three million refrigerators, US$360

million saving was obtained _..."
Thie savings was achieved in addition to the prevention of COz
emission that would have occurred if coal-fired power plant was
used to fill the energy gap that wmight have existed in the
absence of the energy efficiency iwmprovement scheme.

The first step in tackling the problem of irreversibilities
in a system is to identify their sourcese. The first and second
law analyses of the syetem will reveal the sources of the
irreversibilities. The techno-economic themee put forward by
Linnhoff (19791 and which are discussed in Chapter 5 can then be
used to identify the avoidable irreversibilities and help
determine the right steps to remove them if it is economically
expedient to do so. Some of these themes are listed below:

{a) Thermodynamic potential is not the same as cost.
(b) Replacement is not equivalent to alteration.
(¢) Minimom driving force.
(d) Network interaction.
(e) Choice of sources and sink.
Irreversibilitiee originating from the processes could be
tackled by modifying the processes. In abeorption heat pomp cycle
this category of irreversibility offers perhaps the greatest

scope for redouction of energy loee in the syvetem.
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Strategies emploved in redoucing or eliminating energy loss
origiaating from the procese operations could be classified as

energy recovery or reductive process dissipation.

ts) Energy recovery: This involves :
- energy recycliog and
- insulation of process eguipment, pipes., etr.

In energy recvcling, waste heat from s process is used in
znother process either within the =same syvstem or in snother
syetem within the pame plant. An exsmple is8 the vtilisation of
saturated watey vapour (2team} from the drver to prehesat boiler
water in & pulp and paper induestrv. Technigues like cascading
ard co-geaershion sre comeonly vsed in energy recycling (Gunn,
19301. Heat exchangers zre need to tranefer heat from the eBource
to the sink where the gquality of such hest is high encugh to be
useful in the sink. Optimal synthesis of the hest exchanger
network is necessary in order €0 have as mach energy conservation
{and improved energy =fficiency} a=2 possible using energy
recycling method. Linnhoff (197931 and Nishide €t 8l (1981] have
reviewed worke on svntheeis of heat exchanger nétwork. Limnhoff
(19331, Flower end Lirmhoff {1978, 19831, Towneend znd Linnhoff
{19831 and Uhneds gt 2] (1978) ueed the conceptes of enevey target
and network pinch for optimal evnthesis of heat exchanger
network. The casence of this approach 1s to mateh certain "hot”
atreams with certain “cold” astreams such that the temperature
rotentials resulting from such matchings ensures the least energy

loss possible during heat transfer.
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Insulation of equipment is normally done to prevent hest
losgs to the environment through the surfaces of the proceas

equivment., pipes and fittings.

{k) Reductive process dissipation:

Process that have intrineic irreversibility could sithsr be
modified or replaced to reduce or eliminate irvrevereibility
srising from the process. Eguilibrium processes are more energy
efficient than non-egquilibrium (rete) processes, if other factora
remain constant, because the stevs of the former processes could
be revereed while the stepe of rate processes are not reversible,
Alemo an iscthermsl procese is more energy efficient than 2 non-
isothermal process because hest transfer scroes temperature
gradient in non-isctherwal process resulis in energy dieseipation
whereas there i®s no heat transfer in isothermal process.

Cutside the realm of energy recycling. sttempte at reducing
irreversibility sccompanying non-isothermsal processes in heat
pump systeme hasve been directed at reducing the tempersture
gradient accompsnying such processes. Of recent Mamsh (19907
averred +that dirreversibility accompesnying sheorption  =and
rectification proceeses in anmonia-water abscorption heat pump are
reduced by using split unite, instesd of a single unit, of
abgorber and rectifisr. With the probabile exception of the work
by Cheng arnd Shih {19871 little or no attention appears to have
heea paid to the posesibllity of redocing irrevereibility in
absorption heat pung by eliminztion of eowe of the non-isothermal

processes of thie syetem.
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Cheng and Shih (18877 attempted to show that it might be
poasaible Lo incresse the COP of water-lithium bromide absocrption
hest pumy oystem by extracting water from the dilute aguecus
lithiuvm browmide solution uveing the isothermal liguid-liguid
extraction process. Momah [19901 aleo sttempled using this
spproach for ammoais-—-water sbesorption hest yoamp.

This present work is an effort, in part, to follow this
trail in order to identify alternative eeparation processies)
that can lead to higher COP in ammonizs-water sbsorption hest pump

than obtainasble in the conventionml system.

2.3 Semi-empiriczl Models

Models that can predict phase splitting in non-ionic system
include van Laar equation, Margule equations, non-random-two-
Y}iguid (NRTL) model. local effective mole fraction (LEMF) model,
modified Wilson equation, Universal Quasichemical (UNIQUAC) model
and Universal Guesichemical PFunction Activity Coefficient
(UNIFAC) model {Praunenitz et al, 1975, 18578, 1980; Fredeslund et
al. 1977: Mukhoradhyvay and Pathak 1986: Mukhopadhyay and
Dongaonkar. 1983;: Reid et al. 1977; Marina and Tassioe,l1973;
Renon and Prausnitz, 1868]. A more detailed list of the
applicable models have been compliled by Simenethy et al [1982].

These semi-empirical models asre used to correlate the
activity coefficiente of the components of non—-ionic mixture in
the two phases with the mole fraction of the componente present
in the phases. At least two adjustable parameters per pair of
components of the mixture obtained from the reduction of some

binary experimental data of the componenta are usually required
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by the models to correlate or predict liguid -liquid equilibria
of a mixture. Some of these experimental datas include [(Prausnitz
et »l, 1978, 1980]:

(1) wvapour ligquid equilibrium data.

(2) mutual solubility data

(3) infinite dilution coefficient data

(4) azeotropic data

Except the modified Wilson equation [Negata et al, 1975]
other equations or models listed above have been used extensively
to correlate the liquid-liquid equilibria of non-ionic multi-
component mixture. The degree of accuracy of the phase
equilibrium data obtained from these models or equations depend
on many factors. These include:

(1) The adequacy of the model in describing the phase

equilibrium of the mixture.

{2Z) The number of parameters used per pair of the
components of the mixture. The higher this number,
the better the accuracy of correlation.

(3) The tyvpe of mixture being correlated. Only very few
can correlate, with fairly good accuracy, the activity
coefficient of mixture involving polar compounds.

(4) The miscibility gap between the raffinate solvent and
extract solvent.

Both van Laar and Margule equations are pojynomial models
[Rowlinson, 1959: Héla et al.,1967]. Most of the other modele
developed in the last three decades have better correlation
ability for 1liquid phase equilibria than these polynomial

equations. HNRTL model [Renon and Prausnitz, 19681 uses three
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binary parameters to correlate vapour-liguid and liguid-liquid
eqailibria; the third pearameter nsially has fixed values for
different sets of componnds. LEMF [Marins snd Taesios, 19757 ie
s modified forw of MRTL; the main point of depsrture from NRTL
is in the procedore used in obtaining the valuve of the third
parEmeLEeY . These models when used for mixtures of non-polar
fluid give reeults whose accuracy are comparable to the UNIQUAC
model. However, ONIGUJAC model has been fouaned to be bhetier at
corralating the liguid-liguid eguilibrivm of mixture containing
polar compounds than =ny of the phase equilibriz correlating
eguationa or models we know of (Prausnitz gt sl 1975, 1878,
19801} .

1f two adjustable binary parameters are used in the model,
only binary experimental data are needed to predict or correlate
the conjugate phase composition ¢©f multi-component syvetem.
Because of the greater non~ideality in the liguid. accuracy of
the models in predicting liguid-liguid equilibria ie lesa than
for wapour-ligquid equilibria. Type I avetem (liquid-liquid
evstem) is more difficult to predict or correlate correctly,
eepecially where wvapour-ligquid-equilibrium data are used for
binary parameter estimation. Greater accuracy is usually achieved
with UNIQUAC model if the binary parameters obtained from vaspour-
liguid equilibrium data are fixed with limited ternary data.
Thie is true especially for type 1 system [Prausnitz et al., 1878,

18807,



2.4 Therwodynamic Analveis

A lot of work has already been done to generate design data
for heat pump. Mumah ([1887,18901 and Adefila et 51 (1988}
generated thermodynamic property data for the whole range of
conditions usually encountered in practice for ammonim-water
mixture using the Chebyshev polynomials procedure. Grover et &l
{19881 presented data depicting interrelsationship betwesan the
operating temperatures, concentration (and flow ratios), Carnot
COP andd other (OPs for water-lithium bromide abeorption syetem
for cooling. Adefila gt gl (19871 produced graphic illustratione
of the interrelationshipe between almocet &ll the parameters
affecting the performance of ammonia-water absorption heat pump
system.

Thermodynamic snalysis has alwaya been carried out on heat
pump eystems as a means of gauging their performances. Some of
the recent ones include R22 (tetraethylene glycoli-dimethylether
(DMETEG) abeorption system [Phuong et gl. 1988] and lithium
bromide-water absorption svstem [Cheng et al. 1988; Adefilas,

1883).
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CHAPTER THREE

3.1 Introductioon
Like in other systems, any attempt to reduce the
irreversiblility in the conventional ammonia-water heat pump will
affect the process flowsheet of the system. Two of the techno-
economic themes enunciated by Linnhoff [18979] support this
agsertion. One of these themes states "Network interaction often
cause drastic changes in the overall state of the process
following change in one operation” and the second one sayve
“Replacement and alteration of equipment are not equivalent”. For
instance., since isothermal processes such as liquid-liquid
extraction operation could be carried out at relatively low
temperature there would be reduced heat load on the economizer
and in the weak solution (vehicular fluid) returning to the
absorber, and consequently on the absorber, if extraction
separation process is used in place of the non-isothermal
separation procese used in the conventional absorption system.
The heat losses would follow the same trend. The same thing may
hapren if any of the processes of the system is altered in any
way. Changing or altering separation process or any other process
in the conventional ammonia-water heat pump will lead to
alterations in the flowsheet configuration of the system.
A great deal of irreversibility is introduced into the
absorption heat pump system in the process of absorbing and

regenerating the main working fluid due to heat transfer across
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large teuwperature gradient and input of HGE involved in these
procesases,. The smeceptibility of the processes in "thermodynsmic
vuomp” of thia syetem to irrvreversibility is due largely to their
non~-isothermal nature . Possibilities for reduction of
irreversibility should exist if the mccowmpanying non-isothermal
separation procesess can be carried ot isothermally. Other
pogsible means of reducing irvreversiblility in the thermodynamic
pamp 18 &% reduction of the auantity of material being circulated
through the ligquid pomp and throttling valve within the unit.

Attempts to decresnse the level of irreversibility in the
conventional smmonia-water asbeorption heat puwp by reducing the
amount of HGE used for desorbing ammonia from the aqua amwmonia
requires that the eepsrstion procese wad posgsibly other
associated procese{es) be changed or altered. Coneequerntly the
flowshseet of the cycle of the conveational system would be
sltered. Various alternstive cyvocles developed aeg a conseguence
of this alteration are discussed lster in this chapter.

The flowsheet of the cycle developed in this work have
extraction procese unit, and in one caee, stripping process unit.,
included. The wnite are placed in the flowsheet with the aim of
redacing the amount of HGE uwesed by the processes 1o the

"thermodynamic pump” a8 well as the accouwpanying irreversibility.
3.2 Sevaration Procespes

Liguid-liquid extraction. etripping and adsorption proceseses
appear attractive for the modification of the non-isothermal
separation processes employved in the conventional ammonis-water

abgorption heat pump because each of them fulfils, at leaat in
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part, the followineg criteria [Pratt, 1967: Perry and Green,
19841:
- ability to separate homogenous liquid mixture
- being semi-equilibrium process which ensures that
degradation of energy for driving the processes is
less compared to that of non-equilibrium processes.
- possibility of being carried out isothermally or
nearly lisothermally
Since in each of these three processes mass separating
agents are used in place of the heat (energy) emploved in the
separation processes of the conventional system, secondary
separations are required to recover the solute from the
aeparating agent or vice-versa. As a result:
- more capital and operating cost may have to be
expended
- non-isothermal processes may be involved
Adsorption process would appear less attractive on the basis
of the esecond consequences mentioned above: the secondary
separation process is either non-isothermal {thermal
regeneration) or "tertiary"” separation would be required if wet
regeneration is emploved. Moreover the process itself is at best
carried out nearly-isothermally. Of the other two processes, only
liquid-liquid extraction process is carried out almoet always
isothermally; and it ies for this reason that extraction process
is being used to achieve the objective of this work.
The concept of eolubility parameter, selectivity and
capacity and, consolute soclution temperature (CST) were used to

select solvente for extraction separation procees (more detailed
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discussione can be found in Appendix F). Organic solvente would
generally select ammonia from its agueous solution while
inorganic solvente (electrolyvtes) would select water from the

same solution.

3.3 Thermodvnamic Cycles

Since the absorber and the condenser operate at about the
same temperature it should be remembered, in developing heat pump
cyclee incorporating extraction process that what takes place in
the "thermodynamic pump” is just the desorption, possibly at a
higher pressure: thus no temperature change is required of the
working fluid while moving between absorption and condensation
which are otherwise consecutive processes. The implication of
this is that desorbing by any isothermal or nearly isothermal
process such as 1liquid extraction and setripping will be
thermodynamically consistent with the operation of the system.

The attractiveness of liquid-liguid extraction process in
thie project is due to its isothermal nature which ensures no
energy loss due to heat transfer. Even where it becomes
necessary to distil off impurities from the solute obtained after
extraction less heat and irreversibility should be involved
[Scheibel, 1965].

The first and foremost consideration for the utilisation of
any of the two extraction schemes discussed below is its
technological feasibility. The selectivity and capacity of the
soclvent for the designated solute must be adequate enough to
ensure its extraction, purity of the solute in the raffinate or

extract phasge and easv separation of the extract: the selectivity
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should alsec be such as to limit the number of stages needed to
achieve sabseguent sepmration.

The tvpe of polvente sBelected for the separation of agueous
amnoriia solution by liguid-liauid extraction sepsration yrocess
depends on which of the two conetituente of the eolution is
desired to be passed into the extraciing solvent vhase. As
already noted summonia ie generally selected by organic solvents
while the ionic solvents select water preferentislly from the
mirture of these two compounds. Based on the componeat of
aquesus ameoniz aolution passed into the extractineg sclvent in
the couree of separzting the coastituente of the solution by
liguid-liquid extraction, two schemes zre poseible. These are

discussed below.

() Water-sxtracted scheme:

In this scheme the watey component of the agueous ammonis
solution iz passed into the extracting solvent, leaving amnonia
in the raffinate vhaee. The problemp associanted with thie scheme
are outlined helow:

- Crganic solvent for this scheme must be rare
congidering the fact that the intermolecular forces of
organic soclvent ie meore similar to that of ammonia
than it isg to water. Indeed organic solvent would
select ammonia in preference to water (Nicholls. 1879:
Lagowskl, 19673. While there are probablv some
organic solvents that meet the requirements of this
scheme as shown on the triangular co-ordinates in

L

Flgures 3.1a and 3.1b. the search for such solvent(s)
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require vast wamber of binsry solubility dete
inwvolving =mmonisa, water and the solvente zs well zs
the consolute solution temperature (CST) data, =ll of
which are not easy to come by, Ionic seolvents would
select water preferentially but thev suffer from the
handicap of higher hest capacity and heat of
vaporisstion.

- Recovery of agclvent having higher specific heat and
heat. of vaporisation might increase heat consumption.
This is not deeirable since the aim of liquid-liquid
extraction process is to reduce irreversibility in the
ayatem.

- The separation may not be effected at lower pressure
g2 pure ammonia in the raffinate phase may be in
gageous state under the conditions in the absorber.

Conglidering these rproblems., it is doubtful if the water
extracted-ascheme whose hypothetical binodal curve is given in
Figure 3.1a ie technically favourable or even feasible.

The “appropriate” variant of this scheme (gee Figure 3.1b)
proposed by Mumah [1890] appears impossible considering that,
from the diasgram, the solvent is expected to render ammonia and
water immiscible and at the same time be miecible with theee two
compounde. Such sclvent must be rare if we consider the factors
affecting selectivity and capacity of one compound for another

ag listed by Hansen and Beerbower [1971)] and Shincda {18781,
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(b)) Ammonia-extracted scheme:

Ammonia is passed into the extract phase to leave water in
the raffinate phase. Organic solvente having favourable specific
heat capacity and heat of vaporisation can be found that select
ammonia in preference to water. High purity extract (and
ammonia) could be obtained by refluxing the extract phase to the
corner of the binodal curve (Somekh., 196868]. The solvent can be
recovered cowpletely from the extract to leave pure ammonia by
adjusting the esvetem’'s pressure if the difference between the
boiling pointe of ammonia and the solveant ie more than 200eC,
otherwise rectification becomes necessary. By making use of the
solvente with lower specific heat and heat of vaporisation than
water and with the small quantity of water impurity that may be
present. in the extract phase, saving in heat energy is ensured
even where epecondary separation proceeses such ae evaporation
and/or distillation ie needed to purify ammonia after the extract
solvent has been recovered.

This sescheme appears technically favourable and feasible.
The appropriate binodal curve is shown in Figure 3.2. The
appropriate binodal curve specifies non-miscibility between water
and the solvent as indicated by the presence of full miecibility
gap. However, some wmiscibility could be tolerated in practice.
Thus in selecting soclvente for this scheme, very low miscibility
between water and the solvent ie » critical consideration. Ae
tvpe 1 system is preferred in this work, ammonia must be totally
miscible with the solvent (i.e under the process condition the
consolute solution temperature of the ammonis-solvent mixture

muet be lower than the temperature at which the separation will
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occur in the syetem). Type I svetem is selected to limit the size
of the extraction column that way be reguired for the separation.

Four thermodynamic cycles of the modified syetem {called
extract-step-attached (ESA) ammonisz-wester absorpition heat pump
or ‘derived” svstem} have been suggested based on this scheme.
In two of the cveles the extreacted awmmonia ie used ms the main
working fluid as in the conventional abesorption syestem while the
other two cyvclee used the pure or purified extract phase fluid
as the main working fluid of the mbeorption system. These cycles

and thet derived from etripping vrocess sre described below.

3.3.1 il : LV

These cycles, ag stated before, are mcdified forme of the
conventional ammonia-water absorptlion heat pump cycle. The
modification involves the working fluid used, the Pprocess
emploved and the hardware of the system.

a) Cycle One:

The strong agua ammonia from the absorber ls mixed with the
extracting solvent in the extractor thereby ensuring that ammonia
passes into the extract phase leaving water in the raffinate
phase. The resulting raffinate which should be relatively pure
water is sent back, as the vehicular fluid, to the absorber. The
extract phagse made up of ammonia and the solvent is pumped to the
higher pressure where secondary separation is carried ocut to
recover psolvent and ammonia. The fairlv pure solvent is eent
back to the extraction column and the pure ammonia cobtained by
refluxing ies split intc the reflux and condensate stream after

it has passed through the condenser. The reflux stream is sent
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t0o the extraction column and the condenssate strezm is throttled
into the svaporator where it picks upy heat and vaporisee. The
smmonis vapour is thereafter absorbed by the weak solution that
inight contain a little eolvent and the reeulting strong sclution
is pumped to the extraction column where it mixes with the
golvent. The mixture separates into the reaffiinste =snd extract
phase and the oycle continmues. The schematic disgram of this
cyecle is shown in Figores 3.3a.

The solvente Tor this scheme must meet the following

conditions to be uvseful.
- The boiling point muet be above 18700 at atmobpheric
pressure to redace the hesat input for secondary
separation, otherwise secondsary sevaration would
involve rectification,
- The epecific heat capacity should be far lower than
that of water.
- The capacity for ammonia shonld be moderate and
capanity for water should be very low or nil.
- The selectivity for ammonita must be ms high as the
desgired capacity for the same compouwnd would =allow.
- The solvent should not form azeotrope with ammonis.
Where the normal boiling point of the solvent is not above
1879C there is the need for rectification of the vapour from the
vaporiser o obtain pvure ammonia. Figare 3.3b represente this
CEEE
b} Cycle Two:

This cycle is different from cycle one in only one respect:

the extraction takes place at the higher preassure instead of the
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lower pressure in cvele one.  Other processes follow the szme
pattern as in cycle one.

The solvents used in the cycle are required to meet the pame
set of conditicoas as those of cyvele one. The disgream of cyvecle
two is presented in figure 3.4a. The flow-sheet of this cycle
when the normal boiling point of the solvent ie not higher than

1870C is presented in Figure 3.06bh.

oY Cycle Three:

Like in cycles Une and Two, ammonia is prassed into the
extract laver. However. the extract, rather than being separated
into ita constituents. goes through the remaining processes of
the cyele as the main working fluid, while the raffinate goes
back to the absorber. The extrsct ia thus the working fluid
mixture in this case. In additicon the absorption of ammonia
component of the mixed vapour by and, the mixing of the working
flunid with. water (sbsorbent) take place in the absorber. Thus
the heat effects in the absorber include heat of condensation of
ammonia and the solvent as well as the heat of absorption of
ammonia in water.

The “extract” working fluid resulting from the mixing (and
separation into phaees) in the abesorber is pumped to & higher
prressure. vaporised 1if need be before condensation process takes
rlace. The condensed "extract” working fluld is then throttled
into the evaporator. The vapour of the working fluid mixture ie
sucked into the absorber where it mixes with the absorbent and

thereafter separsted into the extract and raffinate phases. The
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extract which thereafter constitute the working fluid is pumped
to a higher preseure and the cyole coatinuves.
d) Cycle Four:
This cycle has a great deal of similarity with cycle three.
In thie case,. the extract working fluid is passed straight to the
evaporator through the ligquid pump and throttling device after
it is purified. The vapour 0f the mixed working fluid from the
evaporator ies sucked in by the absorbent and mixes with it in the
absorber to effect geparation. The “extract”™ working fluid
obtained from the separation is pumped to & higher pressure and
the cvele continues. The condenser is omitted in thie case and
so this cycle can be used in the cooling mode only. The schematic
diagrams of cycles three and four are shown respectively in
Figures 3.5 and 3.6.
The solventes for this scheme must have the following
properties:
- Apvropriate thermodynamic and phvaical properties
required of a good working fluid in heat pump evstem.
Some of such properties include high latent heat of
vaporieation, lower freezing point than the
svaporator s ambient temperature, high molar density,
low eprecific heat capacity. etc.,
- The solvent capacity for ammonia should be high and
that for water shculd be very low or nil.
- The selectivity of the solvent for ammonia must be
very high ags pure extrasct is highly desirable.
- Freezing point should be low enough to prevent

eclidification in the evaporator.
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The boiling point need not be high but solvent should
be liguid under the condition existing in the abaorber
and condenser .
Solvent that form azeotrove with ammonis is preferable
a6 this ensures that the mixed working fluid behaves

ag a pure substance.
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Cycle Five:

This is a stripring-process-based cycle in which the strong
aqua ammonia ies pumped from the absorber intce the stripper where
it mixes with calcium hvdroxmide slurerv from the generator to
raizse its pH. The stripping gas which meay be hydrogen is
introducad intoc the striprer counter-currently to the asgqus
ammonia and calcium hydroxide alurry. The alkaline condition
{about pH 12} in the stripper ensures that ammonia wvapour ie
eapily desorbed from the mixture in the atripping column so that
it can be “awept off” by the stripping gss into the condenser.
Ammonia vapour from the etripper is liquified at the condenser
and throttled inte the evaporator while the stripping gas
recovered at the separator (in the high-preasure rortion of the
cycle) goes back to the stripping column. Ammonia vapour from the
evaporator is sucked into the absorber to form strong agua-
ammonia in the absorber. The agueous ammonia solution is then
rumped into the stripper.

The squeous solution (devoid of ammonia) from the stripper
may be separated into the wesk agueous ammonia solution and
aquecus golution of calcium hydroxide by appropriate separation
procege. The wesk agueous ammonis aclution ie passed through an
expangion valve into the abeorber to form a mixture with ammonia
vapour from the evarorator. The resulting solution is pumped to
the higher pressure in the stripring column where it mixes with

the strong aqueocus smmonia solution and the cyele continuess.
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Some mssumptions were made in developing this configuration.
They include:

- Water vapour is not swept off along with ammonia from
the stripper into the condenser.

- Ammonia is ligquified sufficiently at the condenser and
the quantity of ammonia wvapour that returns with ths
stripping gas into the stripper is negligible.

- The quantitv of ammonia left in agqueous calcium
hydroxide solution is wvery small (this strippring
rrocedure is also spplied in the removal of micro
quantity of ammonia from waste water).

- The temperature of the condenser and sbsorber are the
same .,

Stripping with hydrogen or anv other gas miscible with

ammonia but not scluble in water should be possible. The procees

cvele ia shown in Figure 3.7.

3.3.2 Analvsis of the cvcles

Second law analyses of these two schemes - extraction and
atripping - should give indicsatione of their suttability or
otherwige for this work. While the stripping-scheme based cvcls
will not be discussed any further in this work, the result of
analvees of cvelee one and two (based on extraction acheme)
slready developed are wpregented in Chapter 5. The analyais of
cycles Three and Four are not carried out in this work because
none of the five solvente we are conestrained to work on possesses
adequate capacity and eelectivity properties regquired by the

oycle.
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CHAPTER FOUR

4.1 Introduction

Simulation procedure iz used in chemlical processing because

of the following advantages:

BEconomic experimentatione is made posaible.

Limited experimental data can be interpolated or
extrapolated.

Alternative policiee can be easaily evaluated.

Svatem stability cen be studied with and without

operating the svstem.

Ieuslly & model of the procesa of lnterest has to be developed

before epimulation takes place. The guallity of result obhtained

from simulation of the model depends on:

the extent to which the medel ias able to describe the
phyeical process accurately.
the aquality of the data used in obtaining the

parameters of the model.

For the purprose o0f this work. semi-empirical models based

on thermodynemic principle are used in the phase-egquilibris

determination. The economic hecessity of modelling and simulation

in obtalining phase eguilibrias for multi-component svestemas hes

heen pointed out {Prauenitz et al, 19801. Simulation of such

models reguire only limited experimental data. The models are

bazed on sound theoretical foundetion so that reljiable resulte

can be cbtained from interpolation and extrapclation with respect

to temperature. pregsure and composition.
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4.2 Liguid -~ Liguid Eauilibris

The principle of two-phase liquid-liquid equilibria is
applicable in the simulation of liquid-liquid extraction process.
The liquid -liquid eguilibria for multi-component mixture can be
correlated and/or predicted using some of the semi-empiricsl
models for excess Gibbs free energy of liquid mixture. The
applicable model must be capable of predicting phase splitting
of liguid mixtures that iz unstable a2 a single phase at a given
pressure over a temperature reange, i.e. liguid mixture for which

Eouation 4.1 aspplies.

BZgm/Bxa® € D Lt iiiiceicsccance e 4.1

where:
an ia the partial Gibbe free energy of component m

®: 1is the mole fraction of component i

Other uwethods can be used to correlate liquid-ligquid

equilibria of ternary svateme. Some of these are:

- Gravhical methods which require extensive 1line
construction to interpolate or extravolate tie-line
data {Trevbal.1863,19811.

- The method in which the sgolubility eurface of a
relynomial in conjunction with experimental tie-line
data are used to correlste the liguid-liguid
equilibria {(Chimowitz et al. 1983; Rulz et al. 19861

However with these aforementioned methods simplifying assumptions

are made in pome casez and all of them require experimental tie-
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line data to correlate the liguid-liguid equilibrias of any multi-
component svetem. On the other hand 1t is possible to employ
semi-empirical methode, especially the UNIQUAC model for the type
of syetems being coneidered in this work without the need for
ternary tie-line dats as explained in the latter part of thie
chapter.

4.2.1 UNIQUAC model

UNIQUAC model has been found to be the best of all the semi-
empirical models for correlating or predicting liquid-iiguid
equilibria of systems containing rolar compounds such as water
and ammonia [Prausnitz et al.. 1975.1978,.19807. But lack of
asdequate experimental ternary data needed to obtain the most
accurate binary parametere from vapour-liquid-equilibrium data
is a serious conatraint. However. it has been consistently
observed that (Prausnitz gt al, 1978, 19807%:-

- the model 1is able to accurately predict and/or
correlate liquid-liquid equilibria for type 1 svstem
where the mutual solubility of the extract and
raffinate solvents are very low and,

- the parameters cbtained from mutual solubility and
infinite dilution data gave better correlation than
rarameters obtained from varour-liquid-eguilibrium
data,

Fortunately. all the solvents used in the phase egquilibria
computation in thie work have low mutual sclubility with water.
In addition, mutuel solubility data and binaryv infinite dilution
coefficient data were used to obtain adjustable binary parameters

in thig work. Another point worth noting is the fact that though
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ammonia in souecus esolution might exist in ionic state the
propvortion of ammonia that is expected +to ionize at  the
concentration level of the aguecus ammonia solution at which the
correlations in thie work were carried ouvt (winiwuww concentration
iz 15% by weight} iz negligible since these concentrstion levels
do not fall in the dilute region [{Edward et zl. 19781.

From the foregoing it is thue expected that the UNIQUAC
model wounld be able to predict phase equilibria for ammonis-
water-aalvent svetem with adequate mccurscy. Therefore this is
the model wused, a2 phase equilibriuvm model, for predicting
conjugste phase compositions of ternary svetems in this project.
The applicable UNIGQUAC eguations mre given in Avpendix A while
the prodram listing for the correlation of the liguid-liquid
equilibria for the smmoniz-—water-eolvent ternary svetems is given

in Appendix C.

4.2.2. gelection of Solvent

Solvents” eselection for the simulation of the extraction of
ammonia from aquecus ammonia eclution was based on poseeselion of
the desirable characteristice of extracting solvent listed in
Appendix F. The screening of the solvents was based on the
following criteria in the order of listing:

- Very low mutual solubility with water.

- Infinite mutual solubility with ammonia or CST of
mixture of ammonia and the solvent legs than the
expected temperature in the svatem, i.e. high capacity
for ammonia.

- High eelectivity for smmonia.
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- Poseeseion of all vhveical properties required to make
the liguid-liguid extraction process fessible under
the condition of the svetew zs listed in Appendix F.
- Safety and other properties of economic ilmportance.
The number of eolvents that meet the properties listed above
are wmany (Riddick & Bunger.1978: Stevhens & Stephens, 19647 but
the wvapour liguid eguilibrium data, mmtuoal solubility dmata,
azeotropic deta, infinite dilution coefficient date. =nd other
dats of binary wmixtures of each of the ocrganic solvents, ammonis
and water which are needed to obtain the UNIQUAC binary
parametarsg reguired fTor compputer similstion of the extraction
schemes sre available for only very few of the solvents. Some of
the pure component parzmeters needed for the utilization of
UNIQUAC equation are also not availzble for most of the solvents
having the desirable properties. Dus to these problemse only the
following five solvents could ke used a8 solvents in the

aimilation operations.

1. Nitrobenzene,
2. M-xyviene
3. Ethvl benzene
4. Styrene

6. To luene

Table 4.1 givee the values of some of the desirable properties

of these solvents,
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EXTRACTING SOLVENTS
PROPERTIES
NB MX EB SR TL
bolling pt. K 4183.951 412 .261408.34 {418,209 1383.78
gol 1n water. %i 18.0 2.0 1.6 3.1 3.3
water gol in., %! 24.0 4.0 4.3 6.6 5.5
5T with BH3., K{«<l93.1{<283.1{<283.1 1<293.1 1<293.1
heat cap, kI /kaX! 1.42 1.68 1.70 1.756 1.84
vap heat.kJ kg {331.16{343.09(13382.80 {371.56g 1383.17
viacoe., peise 1.63 0.86 .64 Q.70 0.86
ap. gravity 1.20 O.58 0.86 .90 0.565
a0l in NH3, % 24.0 4.1 5.3 7.1 4.7
NH3 scl in. % 15.5 45,0 50.3 62.5 43.8
AL - ‘. s it LEd et Ao AL, ot 1.5 L :?;_ - [ 14 Le ] =14 I3
{Shinoda. 1978: Stephens & Stephens. 1964; Riddick & Bunger,
1878: Reid et al. 1887)
LEGEND FOR TABLE 4.1:
NB ztande for nitrobenzene
MX =stands for m-xylene
EB standa for ethylbenzene

SR atands for styrene

TL atands for toluene

NH3 standes for asmmonia

CEBT stands for consolute solution temperaturs

Capacity and selectivity diasgrams were drawn from the
coniugate phase data cbtained from computer simulation of the
ternary syvetems eXpected to be formed by mixing the agueous
smmonia sclution and each of the five sclvents listed sabove,
uaing UNIQUAC equation, By comparing these disgrams with the
gtandard disgrams adapted from Somekh {19661 which is presented

in Figures 4.1 and 4.2. the extent to which extraction can be
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sttained, which svetem tvpe would be sppropriate for extraction
snd the purity level that can be sttained in the extract and/or
raffinnte phage can be determined.

The estimated binary parameters, the liguid-liquid
eguilibrivm of ammonin—-water-toluene svetem and, the capacity and
eclectivity disgrame sre presented in Chapter 6. The arithmetic
expressgions  and the listinge of the computer programns used Lo
obtain the UNIQUAC binary parmameters are reayectively presented

in Apvendices B and D.
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ORG SOLV PHASE AMMONIA PHASE ORGANIC SOLVENT TEMP.K

{mf of NH3 in) (wf of org sol in)
1. 0.68250 0.0710 STYRENE 253.156
2. .4375 G.0471 TOLUENE 253.156
3. 0.5031 0.0629 ETHYLBENZENE 273.15
4. (.48560 0.05829 Q-XYLENE 273.156
5. 0.2750 0.0629 P-XYLENE 273.156
6. 3.4500 .0412 M-XYLENE 273.1b
7. 0.4281 0.0235 ISOPROPYLBENZENE 273.15
8. 0.4063 0.01768 N~-PROPYLBENZENE 273.16
Table

LEGEND

ORG ORGANIC
S0LV, 0L SOLVENT
NH3 AMMUNIA

mi MOL FRACTION
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A/ B
C 0
3
F
Concentralion of solute in raftinate
Figure 1; Capacit ia omekh ,1966
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Concentration of sclyte in ealract

Concentration of solute in ratfinate,
iree of extrachon solvent

Figure 4.2: Selectivity Diagram [Somekh, 1966]
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CHAPTER FIVE

5.1 Introduction

The firat and second lawa of thermodynamica are usaful tooln
in the procegs induatries. While the first law atipulates the
conservation of energy, the second law helps toe discriminate
between the permissible and impoassible energy tranafer. In other
worde the second law differentiates between energy of varjious
gqualitiee and identify which energy conversion or flow is
roagible and which is impossible.

Eesentially, the analysis of any process oh the baais of
second law of thermodynamics, usuwally referred to as second law
analysisg isg used for energy auditing of the ayvastem. The
importance of the second law analysis can be appreciated if it
is realised that in real processes some qQquantity of energy l1s
loat during energy coaveralon, energy consumption and/or energy
transportation or tranamissaion. 1t ia thus necesasary to
quantify thia energy loss occurring in a phyaical or chemical
procegs 80 that the energy needed for the process to be realised
ie known apriori. The energy loaa is due to the irreversibility
accompanying the procesa and the extent of thie energy loas is
measgured by the second law efficlency of the ayatem. In addition
to allowing the apriori determination of the actual energy need
of 8 syetem the aecond law analysia makes it rosaible to logate
the peoint(a) at which the energy losa(es) cccur(e). Having

pinpeinted the asource(sg) of energy loss, it ia poasible to
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techno-economic themes of Linnhoff [1979] discussed below make
the interpretation of the resulte of second law analysis, with

great certainty., possible.

5.2 Techno-economic Themes

Linnhoff [1979] identified some regularly recurring themes
that "...relate to technical and economic constraints which
either support or counterbalance atrict thermodynamic
evidence...” [Flower and Linnhoff, 1979). The major ones among
these themes are discussed in relation to the subject of this
work below. The discussions treat the themes as “pitfalls” in
which capacity they help prevent premature and fallible

conclusiona to be drawn from the results of second law analysis.

Themes as “pitfalls”

1. Thermodvnamic potential is not the same ag cost:
This theme is a reminder of the fact that removal or
reduction of irreversibility may not necessarily lead
to lowering of cost. This theme is the reason usually
given for not carrying out the second law analysis of
process flowsheets. A good practical example of the
truiam of this theme as it relates to absorption heat
pump is2 the case of irreveraibility due to heat
transfer in the absorber. To obtain a negligible
energy loas in absorption process a very large sized
absorber and pipes are required which means higher

cost of the materials of construction. Thus the cost
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factor way render the reguirement for thermodynamic

perfection untenable

Replacement and slteration of eauirment are not eguivalent

If an equipwment iz not the right one for s given duty,
replacing it with & more asappropriate equipment
produces changes confined to that eguipment given that
the input streswm is not changed. In a case like this,
the two equipment that swap places wight have the same
efficiency btat ane is wore appropriate for the task
than the other. However where there is the need for
alteration in an egquipment to make it perform better
because of ite inherent inefficiency, then this change
leads Lo change in the output of the eguipwment given
the same input as obtained before the alteration.
This chenges caneges other changes in the flow-sheet
and there ie the need Lo carry ocut mass and energy
balance of the system to know the coneseguence of thise
change on the flow-sheet. Changing one unit operation
equipment with another is alteration. A great deal of
energy loss occurs in the non-isothermnl separvation
process equipment sand associated equipment in the
conventional ammonia-water heat pump syetem, and by
changing the eguipment with izothermnal process
equipment, with the aim of incressing the encrgy
efficiency ug we are attempting to do in this project,

would alter the flowsheet . The second law analyeie of



64
the flow-sheet obtained a8 & rvesualt of the

modification is therefore necessary.

To have a realistic aize of equipment and make a given

process take place in finite time requires a minimum
driving force. 1t is thus alwaye necessary to give
allowance for the minimwm potential difference while
carrylng out the analyaia of a aystem with the aim of
reducing the energy los=a. For example., in the heat
tranafer accompanying the absorption process, a
ninimum temperature difference of 59C is usually
requeated. A lower wvalue would mean that an
unrealistically large sized reactor is required for
the given doty. The energy loss can only be
significant 1if the potential gradient makea it
recoverable, otherwiase the loss is regarded as an

inevitable one.

A change from non-isothermal processes, where heat

tranefer occurs, to isothermal separsation processes

where there is no heat tranafer 1s bound to affect
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other processes in the flow-sheet. For example the
heat load is bound to reduce; it is also poseible that
the compogition of the stream in the cycle of ammonia-
water heat pump where isothermal or nearly isothermal
separation process is used ie different from that of
the streams where the non-isothermal separation
process (as in conventional system) ies used. The
change in the properties of the stream and the
condition of the egystem ie due to the network

interaction.

5. Choice of energy sources and sinks:
The energy sources and sinks have serious effects on
the efficiency of the system. The choice of right
energy sources and sink is derived from the first law
analysis. Carrying out the mass and heat balance makes
it possible to determine whether a particular heat
source and/or sink is the appropriate one for the

given duty.

These techno-economic themes can also be used to identify
ways of avoliding irreversibility in a given flow-sheet [ Flower
and Linnhoff, 1878). Optimal design can result by using these
themee as checklist. Optimality ensues when the energy loss(es)
identified in the flow-sheet can not be eliminated for technical
or economic reason or if its elimination ia counterproductive due
to network Iinteraction. One consequence of the network

interaction theme is that thermodynamic loss are not necessarily
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caused where they are pinpointed [Linnhoff, 19798]. It ies thus
necesenry for a given irreversibility to be traced to ite source

a0 that irreversibilities are not credited to wrong souvrces.

5.3 Eatropy Estimation

Entropy gains accompanyling process operationa is one of the
well known ways of reporting the results of second law analysis
of the process operations; irreveraiblility and availability are
also ugsed. Irreverasibility accompanying a proceag is sometimes
calculated using the entropy gains in the process operation since
all irreversible procegses are accompanied by entropy gain.

The non-readlilly availability of entropy data in the open
literature has always made the completion of second law analysis
of procesa operations tedious. Even entropy calculation or
correlation routines are not common part of the phyaical property
packages usually used in the flow-sheet balancing programs. This
ascarcity of entropy data and entropy correlation routine packages
are probably due to the fact that second law analyala does not
enjoy widespread utilisation. Looking at it the other way, the
limited use of second law analysis could be attributed to lack
of sufficlent entropy data and/or entropy correlation routines
needed to carry out thia analysis. Whichever way we lcook at it
the primary cause of the problem could be ascribed to the demand
usually made for accurate entropy data or entropy correlation
routines which for practical purposes ia not very important for

second law analysis; at least not as important as it is for
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equipment sizing and specification in plant designe [Linnhoff,
1983].

The use of correlation equations to obtain the physical
properties of process streams requlire accurate experimentsal data.
The entropy data obtained from such correlation procedure are
expected to be of high accuracy if the data used for correlation
are of high quality. Apart from the experimental thermodynamic
data the composition of the stream ia required for this
correlation procedure. One of such correlation routines developed
by Mumah [1987, 19903} which was used to obtain many of the
thernodynamic properties of ammonia-water mixtures used Chebyshev
polynomiale procedure. However this procedure can only be used
to generate the needed thermophyaical data i1f high quality
experimental data are available. No auch data is available for
the streams of the compounds used in this project.

The approximation methoda developed by Linnhoff [1978] to
obtain the entropy data neither require the procese gtream
composition data nor experimental entropy or other thermophygical
data apart from the temperature and preassure which can be
obtained relatively easlily and the enthalpy data which can be
easily calculated If not available. It is obvious, as it has
been pointed out before, that thisz method is easier to use.
However some simplifying assumptions were made in deriving the
relationships. They include:

1. Mixing contribution to the entropy of a stream is

neglected unleas obviously important in the context of

the process step.
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2. Specific heat capacity of the stream ie indepvendent of
temperature.

S0 from the following relationships:

and on the basia of the second assumption, integrating the

equationa, substituting and rearranging the terms give:

Sz - 82 = {(Hz - Ha)In(T=2/T1)/(T=T1) .cvcu.... 5.1c

It is geen, ag atated by Linnhoff [1879] that “...the entropy
change can be calculated directly from the results of first law
analysias.." The good thing about thie approach is that deapite
its simplicity and speed, a typical accuracy better than 1% has
been reported [Flower and Linnhoff, 1879; Linnhoff and Carpenter,
19811.

Where presaure change of gases occur, by making the ideal

gas asgumption we have:

dS = (Co/T)T - (R/P)AP ..cvv oo e eeeeeecnns 5.2

- B2 — 81 = (Hz - Hi)In(T=/T1)/(T=z -T1)-RInP=/Py_ _..5.3

A more detailed derivation of these equations is given by

Townsend [19801].
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5.4 Calculation of Irreversibility

Irreversibility in a syatem may be defined as the lost
opportunity for performing work by that system. Thus any part
of the expended energy that is not utilised to perform useful
work is referred to as irreversibility. In other word. the
component. of energy that is2 not available for deing work is the
lost energy called irreversibility.
Baged on this definition, Iirreversibility can simply be

rerregented by equation 5.5 below:

ZExsr = ZEXcut + MEX3yr ..vencvsvsssnscasssnmanna 5.4

lEXj.rr = TEXtn — ZEXOUL cccccecccscccamammaanemen 5.5
where:

ZExan = total exergy in

ZExoue = total exergy out

AEX3yy = Arreversibility

As pointed out by Linnhoff and Carpenter {19811, thisa

equation hag three problems, viz:

1. The calculation of the terms requires phyeical
property data covering the full range of temperature
and pressure YbYetween the operating and ambient
conditions which may not be readily available.

2. Where the last two terms in equation 5.5 are large

numbers and the firat term s comparatively small,
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taking the difference of the last two terme could lead
to considerable error.
3. The nature of the process iz not easily understood
from the eguation.
These problems &are taken care of by uwsing what Linnhoff and
Carpenter [1981]1 called the concept of exergy change (AEx) as

shovn in eguation 5.6 below:

Win - VYous + Z{(Exg)in - Z(Exgloar — ZAEx = ABxsix» ....5.6

where:

W - work done

Exae — heat exergy
The exergy changes {(AEx) can be calculated by ghortcut methods
shown in Equations 5.7-5.8 below [Linnhoff and Carpenter, 1981}
ag firet derived by Linnhoff {19791 uaing heat and mass balance

data only. For:

- T and P constant.: ARz = AH{L — To/T) cucucinacuncncannannns 5.7
- P constant: AEx = AH{1 — To/Tim) -ccccirecnencnanace 5.8
- B copatant: AEX = nRToINP2/P3 v.ovevrervcrceccacens 5.9

where: Tim =log mean temperature

Irreversibilities are sometimen better calculated from the

first princliple if the needed data are available. GSome of the
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definitions of irreversibility from the first principle are given

below (Young, 1952:; van Wylen & Sonntag, 1961]

7-T
a - [ 7 0Q - (Wi, - W) - ax p—— ">

At constant pressure :

8Q - dH

T"Tc
= j;’( = YH - aWu - aEx . 5.10b

Integrating, neglecting temperature dependence. we have :

T-1,

1= =, - B - (Wi = W) = TS, = S 5.10¢

If no mechanical work is done Equation £5.11 below results from:
~ Equation 5.10a under adiabatic condition (i.e. 6Q = 0.)

-~ Eguation 5.10 under isothermal condition (i.e. dH = 0.)



1 « -aFx ' vonsenseenns . . 511

For non-adisbatic process. when no work is done. HEguation 5.10

becomes :

F -

T"‘To

( Yol - aEx . s 312

For the purpose of eapy estimation of irreversibility., Young

11952] has classified the various process equipment into two

2

broad classes. These are:

- Tyre One

Engina: Turbine and compressor belong to thi=s class.
Equipment in thia2 group carry out esgentially
adiabatic process and so irreversiblility is calculated
by subastracting the wuasful work delivered by the
ayatem from the decreaee in exergy {(availability) of
the process.

Heat Exchangers: Useful work is negligible in this

cage. Two typee could be identified.

Two or more streame are mixed together in equipment in

thie group typese. 1If excheaging of heat ie expected to

take

Proce

riace between the flulde of the stresms, the

ge can be Justifisbly regarded se wdisbatic 1if

&ll ptreams are included in the system. 50 for the

rroce

seseg carried out by eguipment in this category,

Irraversliblility ie given by :



I = ZIm(aEx) 5.12b

where:
m ie mase flow rate (or ratio) of streams
Ex ie exergy of the process

- Type Two:
All streame are kept separate and heat ie exchanged
between these streams through surfacee such as the
walle of tubes. Equation 5.12b may be ueed again in
thie case provided the source and sink (of energy) are

considered ae a single system.

Where mixing is involved:
T, T
I - (aH_(1 - -1%) - aH_ (1 - _1._9.)) + RTgm Y (xdn(xyy ))........5.13
o
where:

AHmix is the heat of mixing
R is gas constant.
Mrot is mass rate
Irreversibility in this case is the sum total of that due to heat
transfer (represented by the first two terms on the right hand

side of the equation) and that due to mixing.
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Throttling process:
Equation 6&.14a 18 based on the premise +thet the
irrevereibility in the throttling procese ie due to the friction
experienced by the fluid st the ocbstacle in the valve. {Beek and

Muttzall, 18331,

L"—"—JP + glhy-k) + -;-(v,’-v,’) + 9, - Ep ~ Qe S.14a
P

In throttling process:

hg = hi
va = Vi
$a = O.

Thua equation 5.14a can be written as:

_!?!hu: - E, 5.14

If p or (1/V) ieg mesumed to be independent of the preesure,

equation £.14b (ncting Thet Err = I) becomes:

I o BB, o P eosescmerscosessisens 5.14c
L
whers :
p = density of the fluid
P = preassure
v = velocity of fluid.
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Err is the friction due 4o constriction,

is wmass flow rate

$a is the added energy

<

is the specific volume

The enthalpy dats needed for the uee of the short-cut method
of Linnhoff [(1979]), Flower and Linnhoff [1979] and, Linnmhoff and
Carpenter (1981]) are obtained from the sclution of subroutine
“Enth’ developed by Prauvsnitz et al [(1980] based on the UNIQUAC
model. The “Enth’ subprogram is2 capable of returning fairly
accurate enthalpy data [Prausnitz ek al., 1980]). It is not
difficult to obtain fairly accurate data for either the epecific
volune or sgpecific denseity that can be used in EqQuation 5.14

above to caloulste irreversibility in the throttling process

5.9 Modelling for Secomnd Loaw Annlvsis

The coefficient of performance {COP) of the cycles deascribed
in Chapter 3 could be expressed in terms of the variable
rarametera such a2 the recirculation or reflux ratio (r),
solvent-to-feed ratio (afr), concentration of the strong aqueous
ammonia solution (xst), concentration of the weak aqueous
solution (xwk), compoeition (x or y) and enthalpy change (4h) of
the fluid in the system. The mathematical expression of this

statement iz given by Egquation 15.5a.

COP = f(sfr,.r.x8t,.xwk,X{(¥),8h) ....iicriernrrrencnnnns 5.15a
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The mass flow rates of the streams (fm) are functions of the
first five independent variables in Eguation 5.15x. The enthalpy
change and mase flow rates of the streams around the vwnder-listed
equipment esre the basls of the wodels developed for COP
calculation.

- Generator or Vaporiser

- Absorber

- Evaporator

- Condenser

- Rectifier

The enthalpy (h) of the streams are returned from subroutine
“Enth” based on UNIWUJAC model (see Appendix E) developed by
Prauesnitz et al [1979). The flow rates of the satreams are
expresged relative to that of the working fluid which,
figuratively, 1B given as the concentration gradient of the
working fluid pair mixture (i.e. xat-xwk). The masa flow rate of
the working fiuid ia given a wvalue of 1.0. Thus all enthalpy
changes across any equirment is expressed ae xkd/kg working
fluid.

The models for calculation of COP, in the cooling and
heating modea, of the conventional absorption heat pump and the
extraction-aystem-attached (ESA) absorption heat pump c¢ycles are

given below.

The aubsascripta used in the following expressions correapond

to the parametric labels shown in Figure 1.3.



77

(a) Mass flow rates

fm) 1.0+ r

fmn2 fmZa = fm3 1.0

]
]

fmh =fmB = fm7 = 1.0/ (xmst-xwk}

fmd = fmd4a = fm8 fm7 - 1.0

il

fmg ((xpt-xwk)/(yamv-xwk}) ¥ fm8

fwl3a = fmS - 1.0

yamy =~ Drm2 peesessrespsRerEs e bs BT bEL RSP RRIASS - % &1

¥2) * mw(2) + y(3) + mw(3)

{b) Enthalpy chapnge/unit mase of working fluid ascross:
- Bvsporator is given as:

Qev = fm3d * hd - TmZ * hZa ........ . e ceimmmancnnanann b.16a

Substituting sppropriste mase flow expreseions in Equation

(5.16n) and resarranging. we have:

- Absorber iz given as:

Qan fmh ¥ h§ - (fm3 ¥ h3 + fmd * hd + hmx)} ......... 5. 17a

1

fmS ¥ (h4d — BD) ... i i 5.17b

Substituting Equatlon {(5.17h) and mppropriaste mass flow

expreesions 1ln BEguation (5.17=2) and rearranging, we have:
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_ (amy - xwk)(hl - hI0 + r(kI -h2)) + hIO - k9
Qs e e 5208

(c) Coefficient of Performance (COP)

Models for COP in the heating and cooling modes are given

helow:

- CC o i &

Subetituting Equations (5.16b) and (5.18b) in Equation

(5.21a) and rearranging. we have:

_ tﬂﬂ-xﬂﬁlrﬂﬂv'-lwﬁxé3"h&@ 521b
(xst-xwhk)(vamv- xwk)(k10- h8) + (yamy—xwk) h8 - h7)+(xst-xwk){(h9-k10)

COP,

= COP in the heating mode
cop,, - o * Qoo * Casc 5224
Qo

Substituting Equations (5.17b), (56.18b)., (5.19b) and 5.20b)

in Equation (5.22a) and rearranging, we have:
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cop.. - st-owk)yamy-xwk)(hd-h3+h2)-(r+ Dkl -h10+r(hl-h2)
HOY ™ (st xwh)yamv-xwhk)(h8-+ h10)+ (xst—xwh) (h9- h8)+ (yamv-xwh)(h8- A7)

¥ e s 522
(xst-xwik}yamy- xwk)(h8 + k10)+ (xst- xwk}h9- h8) + (yamv-xwk) h8-k7)

5.5.2 ESA-abgorption heat pump

Two sete of models are applicable for these derived
absorption heat pump systems depending on whether or not
rectification procese ie included in the cycle of the heat pump.
The subsecripte identifying the mass flow rates of various streams
correspond to the parametric labels indicated in Figures 3.3a,

3.3b. 3.4a and 3.4b.

(a) Mase flow rates

fml = 1.0+ r

fm2a = fm3 = 1.0

fm6 = 1.0/(xst -xwk)

fm4 = fmb - 1.0

fml0 = r»

fm8 = fm8a = fm8b = (efr ¥ saw)/(xst - xwk)
fm7 = fm8 + fml

fmd =(fm - faw)fm7/rf

fmBa = fm©@ - fml

Some definitions:

xet = c¢8tl1/100

xwk = cwkl/100

faw = xw(2)¥mw(2)/(xw(2) mw(2) + xw(3)¥mw(3})
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saw = (afr * faw}/{(1.0 - r)
fm = 1.0 - gfr/({r+1.0){xst-xwkl+afr+saw)
rf = (vamv-faw)}/{(1.0-x)
(b) across:
- Bvaporator is given ae:
Qev = fm3 K D3 — FD2 X A28 o n e e e aann 5.23a

Substituting sppropriaste mase filow expreseione in Eguastion

(5.16&8) and resrranging, we have:

- Condenceyr is given as:

Qoow = fml(h2 - hl) ... ... . i i i i e 5.24a

Subgtituting appropriste moss £low expressione in Eguation

(H.18a) and resarresnging., we have:

Qoonw = (1.0 +r)(h2 — hl) ... ciii i i iiianaaan 5.24b

- Abgorbey is given ag:

Qe = fmb * hH — (fm3 * h3 + fmd ¥ hd4 + bmx). .. ... _... 5.25a
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%

Substituting Equation (5.17b) and appropriate mass flow

expressions in Equation (5.17a) and rearranging, we have:

(b - h3 - hmx)(xst - xwk) + hS - M4 P
Qus i - ;oh) - M oM N

- Vaporigser (where rectification is needed) ia given asa:

1]

Quar fm8 * h8 + fm9 ¥ h9 - fm9a * hO9a - fm7 * h7 ... 5_26a

Quar fm8(h8 -~ h7) + fm9(h9 - hSa) - (r+l1)(hBa + h7). 5.26b

Substituting appropriate mass flow expressgions in Equation

(5.28b) and rearranging. we have:

0 - (G > saRXhS - KT)s(fm - fawhO - hSu)
VAP xst - xwk

(r + 1)xst - xwkX(fm - faw)ha - h9) - rfiha + k7)) 526¢
xst - xwk

- Vaporigper (where no rectification is needed) is given

as:
Quar = fm8 * h8 + fml ¥ hl - fml ¥ h7a - fm7 * h7 .... 5_.27a
Quar = fmli(hl - h7 -h7a) + fm8(h8 - h7) ... ... ..._ ... 5.27b

Substituting appropriate mass flow expreesions in Equation

(5.27b) Aand rearranging, we have:
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(h3 - h2a)xst - xwkyrf

COFcau~ (sfr+ saw)(rR(h8-h7) + (fm~ faw)(h9- k9a)) - (r+ 1 )(xst - xwk)(cbm) m—
where:
cbom = (fm - faw)(h9a - h9) - rf(h9a - h7) .......... 5.29¢
- COP in the heating mode ie given by:
COPuxsa = (Qae + Qrec + Qcon)/Quar . ... ... ... ....... 5.30a

Substituting Equations (5.24b), (5.25b), (5.26b) and (5.28c)

in Equation (5.30a) aend reasrranging, we have:

cop..... Fst-swk)(1 +rXh2-h9a)+ (fm-faw)(h9a- 9N ((xst-xwh)(1+7) +(sfr +saw))+b ¢ 5
HESA (fm - faw)(h9- h9a)(sfr+saw)-(r+1)(xst-xwk))+cf

where:
b = rf((xst -xwk)(h4d - h3 - hmx) + h - h4d) . ..... 5.30c
cf = rf((afr+saw)(h8-h7)-(r+1)(xst-xwk)(hSa+h7) ..._. 5.30d

- C & CoOcC [s s

Substituting Equations (5.23b) and (5.27b) in Equation

(5.298) and rearranging, we have:
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_ (xst - xwk)h3 ~ h2a)
COP cass {m—.mk)(n1Xh1—h7¢-h7)+(¢?+m)(k8—h7)""'s31

= COP_in the heating mode

Substituting Equations (5.24b), (5.25b) and (5.27¢) in
Equation (5.30a), noting that Qrec = 0.0 ,and rearranging, we
have:

COP._. . ZA-XWhYMA-h3-hmx) +hS +hd+9r+ 1)(h2-RI)(xst-xwh) ¢ oy
HESA (r+1)(h1+h7a-h7)xst-xwk) +(sfr+saw)h8-h7y

The entropy change, enthalpy change and irreversibility were
calculated while carrying out the second law analyses on some of
the thermodynamic cyvcles of heat pump developed in Chapter 3.
These cycles are shown in Figuree 1.3 and 3.3a to 3.4b. The
listing of the fortran program used for the second law analvsis

including the subprogram “Enth” is given in Appendix E.
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CHAPTER SIX

6.1 Simmlation of Extraction Schemes

Resulte of the simulation of the extraction scheme showed
that all the five ternary systems studied split into two layere
at 25=C and 60°C at 1 atmosphere. The phase gplitting ie as
expected from the binarv solubility data of the streame. Table
6.1 gives a typical result of the simulation exercise while the
UNIQUAC parameters used for the simulation are given in Table

6.2.

Table 6.1: Ligqui-ligquid Equilibrium for a Three Component Syvstem
at T= 333.15K

INDEX COMPONENT FEED R PHASE E FHASE R/E EQUIL CONS
srzeszs mole fraction ===s==

1 WATER . 1000 . 7305 .0659 9.02E-02
2 AMMONIA  .1000 .2694 .0908 9.49E-01 3.37E-01
3 TOLUENE  .8000 .0001 .8432Z 7.59E+03
1 WATER . 1000 .5602 .0594 1.06E-01
2 AMMONIA  .Z000 .4389 .1789 9.19E-01 4.0BE-01
3 TOLUENE . 7000 .0008 .7616 9.01E+02
1 WATER . 1000 .4259 .0541 1.27E-01
2 AMMONIA  .3000 5711 .2618 8.77E-01 4.5BE-01
3 TOLUEN 6000 0030 6841 2.28E+02
1 WATER 1000 3204 0492 1.54E-01
2 AMMONIA 4000 6722 3373 8.13E-01 5.02E-01
3 TOLUENE . 5000 0074 6135 8.33E+01
1 WATER 2000 3355 0498 1.49E-01
2 AMMONIA 5000 6580 3250 4.74E-01 4.94E-01
3 TOLUENE 3000 0065 6251 9.62E+01

1 a . . ¢
2 AMMONIA  .4000 .5853 .2715 5.90E-01 4.64E-01
3 TOLUENE -4000 .0034 .6751 1.98E+02




1.13E-01
4.28E-01
5.10E+02
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9.90E-02
3.82E-01
1.89E+03

8.74E-02
3.16E-01
1.51E+04

——  ————— S s e ————————————— . —— — —————— — ———

8.56E-02
3.00E-01
Z2.67E+04

9.47E-02
3.63E-01
3.39E+03

1.06E-01
4.06E-01
9.3BE+02

1.18E-01
4.39E-01
3.72E+02

e ———— o ————— s — ] o

1 WATER .2000 .5065
2 AMMONIA  .3000 4921
3 TOLUENE . 5000 .0014
1 WATER . 2000 6249
2 AMMONIA  .Z2000 3746
3 TOLUENE .6000 0004
1 WATER . 2000 7748
2 AMMONIA .1000 2251
3 TOLUENE .7000 0001
1 WATER . 3000 8073
2 AMMONIA  .1000 . 1927
3 TOLUENE  .6000 . 0000
1 WATER . 3000 .8721
2 AMMONIA  .2000 3277
3 TOLUENE . 5000 0002
1 WATER . 3000 5638
2 AMMONIA  .3000 4353
3 TOLUENE . 4000 . 0008
1 WATER . 3000 4755
2 AMMONIA  .4000 5226
3 TOLUENE .3000 .0019
1 WATER . 3000 .4031
2 AMMONIA  .5000 .5832
3 TOLUENE  .2000 .0037
1 WATER . 4000 8321
2 AMMONIA .1000 1679
3 TOLUENE .5000 .0000
1 WATER . 4000 L7087
2 AMMONIA  .2000 .2912
3 TOLUENE .4000 .0002
1 WATER . 4000 .6085
2 AMMONIA  .3000 3910
3 TOLUENE  .3000 0005
1 WATER . 4000 5253
2 AMMONIA  .4000 .4735
3 TOLUENE  .2000 0012

1.32E-01
4.687E-01
1.83E+03

T P p——

8.43E-02
2.87E-01
4.32E+04

B A —

9.18E-02
3.47E-01
5.55E+03

= —— —

1.01E-01
3.89E-01
1.55E+03

——— ————————— ——————— —— ———— ————— — —— ——

1.11E-01
4.21E-01
6.20E+02

. et s T ———— o —————— ————



COMPONENT 1

WATER
WATER
WATER
WATER
WATER
WATER
AMMONTA
AMMONIA
AMMONTA
AMMONTA
AMMONIA
AMMONIA

WATER**

Figure 8.2:

LEGEND

COMPONENT 2 UNIQUAC DINARY PARAMETERS TEMR.K
Al2 A21

M--X¥YLENE 318.16 15604.58 298.15
ETHYLBENZENE 3561.27 1473.84 288.186
TOLUENE 339.13 1552, 37 288.15
TOLUENRE 305.43 1378.78 333.15
NITROBENZENE 217.75 938.44 283.15
STYRENE 322.92 1339.23 283.15
ETHY LEENZENE 154.77 519.13 273.18
M-XYLENE 161.54 £538.10 273.18
STYRENKE 152.73 383.01 2563.156
TOLUENE 179.04 449 .27 283.15
NITROBENZENE 642.652 -202.13 283.15
O-XYLENE 160.60 541.16 273.15

AMMONIA 202.07 ~-330.21 333.15

88

L BINARY PARAMETERS OBTAINED FROM INFINITE DILUTION DATA

Al2 PARAMETER OF COMPONENT 1 IN COMPONENT 2

AZl PARAMETER OF COMPONENT 2

IN COMPONENT 1

Having established that a8 given ternary svetem can separate

into two lavers,

the =asdeguascy of the extrsact

for reffinaite)

golvent waa further investigated with the help of the capacity

angd selectivity disgrams. The results are discussed below.
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6.1.1 Capacity disgram

The capacity cof the sclvent, at all sclute concentrations
lower than that in the feed, affecte the degree of completeness
of recovery of solute from the feed [Somekh, 1966]. The higher
the value of the tangent to the curves from the origin, the more
the ceapacity of the egolvent for the solute and eoc =mlsc the
stronger the bond between the two.

The 8solvent desired sghould have adeauate capacity for
ammonia to ensaure a high degree of extraction but the bond
between the solvent and ammonia should not be too high so0 as not
to make the recovery of sclvent from the extract too difficult.
Therefore the value of the tangent {(to the curve) from the origin
should not be too far from unity. On this basis. curvees C,D and
E in Figure 4.1 are the desirable ones .

On examining the curves of Figuree 6.1 to 6.5 only
nitrobenzene seemsg capsable. on the basgies advanced by
Somekh{ 18687, of extracting all the ammonia from the ammonis-
water mixture as ite capacity diasgram (Figure 6.1) is the only
one comparsble to curve A of Figure 4.1 (value of the tangent i=
greater than 1.0}, The other four solvents studied. viz:
ethylbenzene, m—xylene, styrene and toluene may not be capable
of extracting ammonia completely from the ammonia-wster mixture
at 8027, going by the low value of the tangents to the curves

{Figures 6.2-6.5} that appear gimilar to curve F of Figure 4_.1._



80
6.1.2 Selectivity diagram

A high concentration o0f raffinate eolvent in the extract is
not desirasble either becsuse of the resulting low purityv of the
solute or because of low yield of raffinate. Therefore the
nature of the soclvent and the extraction conditions should be
such that the system ig selective. The selectivity and purity
relationehipe for a gliven liguid-liguid syestem can be obtained
using selectivity graph.

It ia desirable that ammonia is obtained as pure solute
using the minimum number of extraction stage. Thie is possible
1f the valuee ¢f the tangent to the curvee is far greater than
unity and, the curve atarts at the origin and terminates at the
proints with co-ordinates of (1.1). The fulfilment of the latter
condition ie an indication of the possibility of obtaining pure
solute, very easily, by extraction while the high tangent value
ensureg that less number of stages would be required for the
Procese.

The shape of the selectivity dilagrams obtained for the
ternary systeme invoelving ammonia, water and each of the five
solventa mentioned earlier (see Figures 6.6 to ©6.10) seem to
suggest that high solute purity ies &achievable by extract
refluxing [Somekh. 18667 but more extraction stages would be
required for the systems having m-xviene., styrene., toluene and
ethvlbenzene a8 the extracting eolvente than one using

nitrobenzene.
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68.1.3 Binodsl curvee

The two plote {Capacity and Selectivity diagrams) can be
combined together to obtain characteristic bincdal curves on
triangular co-ordinatee for the ternary eyvetems. The binodsl
curves based on the capacity snd selectivity charts of the
ternary svstema formed by the agua ammonia and each of the five
aelected solvents (which are given in Figuree 6.1- 6.10) &are
pregented in Flguree 6.11 and 6.1Z.

The following obeervaticns (could be made) and inferences

could drawn from the shape of the curve in Figure 8.11:

- Mutual solubility srea of solvents very emall. Thie
implies than high purity eclute can be obtained in the
extract phase.

- The pogition of plait point is towards the raffinate
solvent corner. making the tie-lines to form scute
anglez with the raffinate solvent corner. Thise impliee
that the number of stages required to extract sll
solute is not too many, i.e. the solvent hse high

capascity for the solute.
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The curve phown in Figure 8.12 reprepents the general shape
for ternary syetems forwed individusally between sgua ammonie and
the following soclvente : m-xylene, styrene, toluene and
ethylbenzene, though only toluene ie indiceted on the disgram.
Obeervations and inferences that can be drawn from the shape of
this curve are itemised below:

- Matwual esolubility of eolvents are very small. The
inference ie the same ae for Figure 6.11.

- The position of plait point ie towards the extract
solvent corner making the tie-lines to form acute
angles with the extrmet solvent edge. This implies
that more extraction stages are reauivred to recover
the sclute from the raffinste Lhan that required for
the svetem using nitrobenzene. every other thing being

eqgusl .

8.2 Simuiation of Thermodvnamic Cvcies

Theoretical coefficient of  performance (COP) and
irrevereiblility values were obtained from the simulation of the
conventional ammonia~-water absorption heat pump and the modified
forme of thie syvetem derived by introducing extraction proceas
in the eseparation atage of the syastem (ESA). The reeulte of
theee second law analvees for the conventional system are given
in Tables 6.3 and 5.4 while those for the ESA oystems are shown
in Tables 6.5a to 6.14b. Recirculation ratio (R) values of 0.25
and .50 were used in the meparation stages of the conventional

and ESA systems. The values of the COP and irreversibility
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obtained for these pysteme sre dipcussed on the hasis indicated

below:

6.2.1 General comrarison of the conventionsl and the

—

The total irreversibility of the derived (ESA) systems were
generally lower, than that of the conventional systems. Using
wesk mqueous ammonia solution concentration that ranged between
15% and 35% (by welight) and the strong solution concentration of
36% and 48% (by weight) at evaporator’s temperatures of 268B.15K
and 2273.15K. a maximumn value of 1.283 kJ/kg (hased on the working
filuid) was obtained for the derived systems investigated while
the higheat value of irreversibllity accompanying the processes
of the conventional asystem wae 2,231 kJ/kg. (based on the working
fluid). The higheat COP values in the coeling mode of 0.504 was
obtained for the conventionsl svetem as against ¢.743 for the KSA
gyvateme. Similarly, the modified eyetems gave higher COP values
in the heating modes. This is obvious from the comparison of the
resulte preasented in Tables 6.3 and 6.4 and those in Teblee 6.5a
to 6.14b.

In the conventional system., the rectifier is the source of
highest irreversibility. In contrast. only the absorber retains
such characteristically high irreversibility wvalues in the
derived sayastemsa. Where the normal boiling pointe of the
extracting solvent used in the derived systema is higher than
1679C (e.g. nitrobenzene), it was observed that the rectifier
unit and economizer could be omitted from the flow-chart of the

systems. Lower irreveraibility accompanied the vapour generation
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process (taking place in the vaporiser) in the derived systems
than it did the same process (taking plasce in the genersator) in
the conventionsl system.

The relatively high irreversibility values credited to the
gensrator sand rectifier in the conventional smmonis-water
absorption heat yump could be traced to the relatively high
auantity of hesat energy required to generste vapour from the
aguecsus solution of ammonia in the conventional syetem compared
to the requirements for the same doty 1in the ESA systems
conglidered. A compariscon of the hest ceapeacity (st 252C) and
enthalpy of veporisation (at boiling point) of weter and the five
Belected Bolvents shows that water has the highest values for the
twe  thermodynemic properties. Consequently to raise the
temperature of water and vaporise it reauires wmore heat (energy)
input then it tekee to perform eimilear teske on any of the five
organic eolvents listed in chapter 4. Hesat capacity value for
water (st 260C) is more than twice that of the solvent with the
highest value. For vaporization enthelpy (at bolling point} the
factor ie more than five.

The higher the enthelpy of veporiestion of the constituents
of a given mixture, the higher the temperature at which vapour
of a specified composition ias generated under a given condition.
Given the ssme sink, the higher tempersture at which vaporisation
takes place resultes in higher tempersture gradient during the
heat tranefer that take vlace in the generator (or vaporiser) and
rectifier and 2o greater the irreversibility accompanying the
processes. Thus vapour <containing s given mess fraction of

smmonis is genersted at higher temperature from agus smmonis than
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vapour of similar ammonia compoeition from a mixture of ammonis
and any of the five selected organic solvents. The higher the
enthalpy of vaporieation and/or heat capacity of water or solvent
the lese the COP of the eystem incorporating any of these fluid
since thie means wmore heat (HGE) input for vapour generation.

Network interaction phenomencon ie easily demonstrated by
comparing the relative values of irreversibility accompanying
rectification process in the conventional and derived systems.
The conventional system requiring relatively high energy input
for vapour generation has relatively high irreversibility
resulting from rectification procees. That the large value is
due to the high HGE input required for vapour generation is
obvious from the relatively low irreversibility values
accompanying rectification procees in the derived syetem where
relatively low quantity of HGE are needed for vapour generstion.
Thue the irreversibility in the rectifier is caused at the
vaporiser (or generator): this obeervation validates one of the
themes put forward by Linnhoff which aeeerts that irreversibility
is not necessarily caused where it is pinpointed.

That the COP and irreversibility valueg for the ESA systems
are completely different from that of the conventional system ie
another validation of one of the themes referred to above which
states that "Replacement is not equivalent to alteration”. And
as expected, alteration (of procees and equipment) leades to
changes in the compoeition of the estreams and/or system’'s
conditione. This alteration is responeible for the change in the

COP and irreversibility values diecussed sbove.



6.2.2
As already atated five solvents which were found to possese
the required thermophveical and solubility properties for use as
extracting solventes and for which neceseary data for computer
gimalation veing UNIQUAC equstion are svelilable in the litersture
accessikle to mnus during the counrse of +this work are:
Ethylbenzene, m—xylene, styrene, toluene and nitrobenzene.

The system employing nitrobenzene as the extracting solvent
was found to have the lowest irreversibility wvalues and the
highest COP valuves in the cooling COPe and heasting COPu modes.
It wase poesible to dispense with the uese of rectifier and
economizer in these systewms because, B2 a result of the
difference between the normal belling point of smmonia and
nitrobenzens being higher than 200K, pure ammonla could be
obtained from armonia-nitrobenzene mixture, without
rectification, by asdjiueting the pressure of the systems [Renz.
1978; Muomsh, 1880)}. Heat recovery from the eclvent & gtream going
back to the extracting unit becomes unnecespary since there is
little or no temperature gradient in the process stresm as 1t
moves from the vaporiser Lo the extractor and vice-versa, and go
economizer is not needed.

The systems veing ethylbenzene which has the lowest enthalpy
of veporisstion valus at normal bolling polnt out of =811 the
other four selected solvente, have the highest COP values in the
heating wode: systems employing m-xrylene which has the lowest
specific enthalpy value at about 289C recorded the hlghest COP
values in the cooling mode. Thus it wmse obberved that COPwu

incressed with decressging enthalpy of veporisation of the
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extracting sclvent while COPc increased with decressing specific
enthalpy. It could be inferred that in the cooling mode heat
capacity influences the quantity of heat reguired while in the
henting wmode both heat capacity and heat of vaporipation of the
stream dJdetermines the smount of hest transferred but hesat of
vaporieation is the more important determining factor. The effect
of network interaction is viesible here as well., In thie case,
it is the change in the composition of the pystems” stresms that
cauee the difference in the valuesg of COP and irreversibility
acconpanying the yroceeses of the esysteme. The network
interaction of this change in the compoeition of the pyptems”
stresms when different solvente are used in the KS5A is reflected
in the differences oheerved in the irreversibllity and COP values

of theee pyateme under the same conditions.

8.2.3.

The proceas parameters investigated for the conventional
ammonia-water abeorrtion heat pump were recirculation ratioc (R},
evaporsator temperature (TEV), ammonia concentration in the strong
aqueous ammonia solution (XAST) and ammonia concentration in the
waeak aqueous amnonia solution (XWK). For the derived gystems the
solvent-to-feed ratio (SFR) was also studied, in addition to the
listed parsmeters.

It was generally obeerved that irreversibility increased
with recirculation or reflux ratic and the concentraticns of the
weak agueous ammonia solution and reduced with increseing

concentration of atrong solution and the concentration gradient
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(XST - XWK). The COP in the cooling mode increased with the
solvent-to- feed ratic and reflux ratio while the reverse ie the
caese in the hesting mode. Total irreversibility reduced, and COP
increased, with increasing evaporstor temperature (TEV) for a
given solvent. Irrevereibility vsesluee 1in the evaporstor at
2688.15K were higher than at 273.15K. The lowerr the ammonia
concentration of the strong and wesk aguecus solutions. the
higher the irreversibility values in the absorber and, generally,
the higher the COP velueeg in the heating and cooling mode.

COP valuee in the pypteme using the same extracting solvent
wae eppentlially the szme whether the extractor wae located in the
lower or higher pressure side of the hest puamp syetem. Except
for the irreversibility oeccocurring at the expansion valves, there
were no significant difference in the irreversibility values
recorded for the different units of the two sets of ESA systems.
Yower irreversibility sncecompanied the process of throttling the
working fluid from the condenser into the evapormtor for the
syetems where the extracting unit is placed in the high presgsure
mide. Thie valuss decresse st higher TEV VALUES. The other
throttling valve recorded higher irreversibility values for
thepe syatems.

The effect of heat source is seen when the irreversibility
and COF values at the two dlfferent evaporator’s temperatures are
compared. The different values at the two evaporator’s
temperatures if other parameters and the streams” compositions
are kept constant., validates one of the techno-economic themes
on the cholice of energy scurces and ainks which implies that the

selection of these sources hae effects on the irreversibility
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accompanying the operations of the svetem and thue the COP of the
system. The effects of R, SFR., X8T and XWK on the valuee of
irreversibility and COPe are some of the manifestations of

network interaction phenomens.
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6.3 Conclusione

From the discuselone presented above, it is obvious that
theoretically. replacing the non-isothermal separation processes
in the conventional system with seraration operations cesrried
out isothermally reduces the quantity of HGE required as energy
input into the avetem asnd thue reduces the irreversibility level
in the eaystema. The COF of the aysgtem 18 increased
correspondingly. It does not appear to make much difference, in
term of the irreversibility and COP wvalues, whether ammonia is
extracted before pumping the fluid to higher preessure or it is
axtracted after the prumping operation has been carried out.

Based on thermodynamic evaluation, m-xXylene and

ethylbenzene, sgeem to have the best potential ae extracting
egolvent for ESA syateme. Of anll the five solvente on which the
thermodynamic simulation of the systeme was based nitrobenzene
gave the highest COP wvalues and the lowest irrevereibility
values. However, its viascosity ie rather too high (see Table 4.1)
and it is doubtful if it will be useful as an extracting solvent
Thie ie because the relatively high viacoeity may:

- encourage emulaification {which retards rhase
separation that ie critically neceesary in extraction
rroceas) of the ternary system.

- increase the vigcosity of the ternary syetem thereby

making thorough mixing of the system difficult.
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6.4 Recommendations

1,

There is2 the need to build some of the evsteme which
this simulated work indicated to be promising and
carry out experimental trimls on such systems. Thie is
neceseary because &a eystem may not perform in
prractice, the way it is envisaged from the result of
simulation due partly to some network interacticn
effecte which might not be easily obvious while

carrying out the theoretical esnalyees.

Since as Linnhoff {19791 pointed out. "Thermodynamic
potential ie not the seme as cost”, higher COP and
lowar irreversibility, though thermodynamically
desairable, are not the end in themselves. Ultimately,
it is the cost factor that is the most important
conaideration in the eselection or otherwise of a
gystem. Therefore it will be neceesary to carry out
the coat benefit anslyeie on the system.

Pure component parameters as well aes binary parameters
of more organic sclvents. especisally thoee that can be
identified as having sdegquate extracting
characteristics, need to be obtained through more
rigorous literature search and/or calculations. Thie
would make the screening of more of theese solvente for
roesible use as extracting solvente in the extraction-
step-added absorption heat pump eystems (ESA)

realisable.
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Experimental determination ot s0me thermophyeical
properties of the streams consisting of water, ammonia and
the identified organic solvents as well as derivation of
high quality thermodynamic data such as entropy data of the
streams which could then be rigorously extrapolated and
interpolated uesing tested techniquee like Chebyshev
polynomisal procedure are necessary. Thie will meke a more
rigoroue pecond law analyeis of the cycle of the ESA

systems, which is desirable, poseible.
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The modified UNIQUAC equation (Prausnitz et ml.. 1978.1980]

for excess Gibbae free energy., g¥ ie given by Equation A.1 below.

0
‘é - E;,In%: + -;—EQFPT: - Eq’.x,h(zﬂt‘) ........................................... Al

where:

¢, - 4 s A2
2%

¢, - o S m—— : ; A3

Activity coefficient for component i (¥1). in a multi-component

system is given by Equation A.5 below.

my, - h%: . éq,h% ol - %}:x;, - gin(Y ¢z ) - q{EEJ’&:L...A.S
i i y
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For binary syvetem. activity ccefficiente for the components are

given as follows:

$

;)
hy, - In— + (‘;’)qnh_l + ¢, - ﬁ‘:) - q{h)(d, * ﬁ"n)
2 ¢, n

Xy

+ &g’( n - hi s AR IS AT
l ﬂ + @tn % * o’ltu
L YT 1SRN, IR TTO .
by, - ln: (3);in . s - 7h) Gin(®; + 8t,)
/Sl R R S A8
l ﬂ - ellfn 0’1 * %fn
where:
-A
‘fﬂ - u:p(-—-ﬁug) ..................................................................................................... A9
S S e A0
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Bl: Using mutual solubility data
For two compounde having limited mutual solubility, the following
equations hold.

Phase equilibrium equations:

y’,x," - ,x:" ....................... i B

T AT - . (S — : - B2

where the esubscripted intepers identify the componente and the

puperscriptes stand for the phaeses.

Moai T Yaiis o
Tl A T . B3
LI iR T — et i — B.3a
2 e Py -1 " . ..B4




Substituting into Equsations B.1 and B.2 with Boustions A.8 asnd A.9 and.

Eguintions B.3n sad 13,44 we have:

o 04 .
(1 ~xYexp(in +Zgin—L+ (I-~—) a0} +8571,,) + 0)7q] 12 -
e (1 'xzd) 2% 4’1 # W a0 e 9‘4.,9-“",2‘ o+ BH":: :
r $ 2 7/ Ti2
x — + Zg,In—. tw-— - giin(0) + 87x,,) + 67q, ».BS
1 x;ﬂ 2 i @'iﬂ 12) 1 21 d + ebﬂrzl Bi” + B‘]ﬂtu
p .
o ¢, 9;' F ra ] " i T2 Tn
Kexplln—+ Zgn— + §Y(l, - 21) - g)ln(@;’ + 8x,,) + 6! - » -
x;, 2‘12 ¢:_+ (b , Y- qain(@y +07c,,) lqz((’f*di"‘u B";’+B§’rn
o 0‘”
o by 2 M sl Ty T
pln— + =g, In—- + b7 n 'inel” +67c ) +0("g - ))..B.6
vy

Logarvitimanising the twe sides of the two eguations sbove sl reavroanging

we have:

85" + 85", 0y'c,, 0r'c,, 07"t Bf""m
Ing )+ - ~ + = Ejecsioseorin. B.7
oty Wiy Ot Gdile, Ghdie,

e’;'" +6¥ o}'s 0% o oty
23 + 2 - n__ 2. B - K B8
#"’oﬁ""g B’;’*#"n df*@"m e‘zdl"'eilwtu d;ﬂ"'dzm"n '
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iqh(d" f) o @F - oha, - :?-1,)).. . R, B9
270 gl 'R

o
£q2|.,(gﬁl) « @F - ¢ha, - %l,}) ................................................. B.10

27 0 2
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B2: Ugiog Infinite Dilution Coefficient Dats

Definitions:
For any binary solution at infinite dilution, the following

conditione hold:

x = 0 & x =- 1

X, B 0 as x, - 1

For the first conditioan. we have:

A/} 5 - RN «B.11a
Xy (ryxy + rpx)x,
i o B.11
x T
B I IETRD et B.12a
0, Xyl + X, rx,
0
ok o T en e e % )
b, rd,
T.
Py o i : B.13a
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- ﬁ - 1l.llI‘lltllD.‘lllll'll”l‘lllll‘lllil.ll‘l|llilcl.lllll‘.lllllla.cc.l

i - i . S » B.14a

X\ + %)

-0 = Orrrrnnn. T L S B.14
/
d « BB .. B.15a
X1+ %ty
¥
-t - 1. B.1S
Note:

Corresponding equations with the LHS terms having the subscripts
indicated in Equatione B.11 - B.15 changed from 1 to 2 or 2 to 1, as the
case may be, can be obtained in esimilar manner by substituting subscript
1 for subscript 2 or vice-versa, in those equations.

Substituting Equations B.11 - B.15 (and their corresponding
equivalents derived by swapping subscripts 1 and 2Z) in Egquations A.8 and

A.9 we have

¥
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o r 749 T
Iny] = In—+ Zgin-E1 o (- —20) - glnT,, +I(1 - Tip)iccimmmsisssissssesssssosasmsssesssessssassssassss B.16

n 27 na 3

- r. z r.q r.
lny; - 1’1-’% +-£q rl_,q: +(h - ﬁ!.)-q{l.ntu*q{(l = Wigg Rl moscorenssecrossonsmenssscronsasossossesaisossintes B.17

By resrranging Eguations B.16 and B.17 we hsve:

ST, G = ) 4 B & Qe A .B.18

q{lntu - q{(l - Ty + Ry = Qleeesceeeisiescsesessinssass s ssnsssessssassenasnsennssnenn s as s asasrastnss B.19

where:

- “I— = @I = (L, = ——L).ccvieiiiinsinsnsssnsisnscessessrsssssssssnssnnansans 20
k Iny, hr, 2‘31“’"% ¢, r,L‘) B
" «- o2z N 2
- =10 = QIR = [l = —=1)cccseicrreccssscsrorasissssassosssessassrssanarsane 1
& Iny, ’"r, 242‘11’:41 ®, : ) B2
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B3: Using Binary Azeotropic Data
Thie method is usetul if and onlv if:

025 < X < 0.75

where:

%1 is the mole fraction of component i in the binaryv mixture

At equilibrium:

oyP - yaf" e B22

For binary azeotrope:

y‘ - x‘- --------------------- Sensannnn wenaas dasssssssnsssssaRRRsaranes Wesassssssssnnane 3‘23

L R OO : B24

-y, - Ll B.25

f:)l.

Taking the logarithm of the RHS of Egquations AB and A9 aad.

equating them ia turn Lo the RHS of equation B.25. we have:

¢, P ¢ z 0, 7y / T2 T12
—_— o+ =g In— + ,(l, - —L) ~g,In(O, + O 0,9 = B26
- % " b, +:G ’:9 APy +Oitm) ¢ l(al*ez‘zl az*'et"u)
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h
T T
- In(®, +0,7,)+0 . T T —— B27
100,40, )t 2ql(al"'ez‘m Bz"'altu) :
. b, T12 T21
uxpan—+ q,1n_+¢a,-—:,) 2in(®,+0,7,,) +0,g,( - ; ) L
ff" ; ; 0,+0,r,, 0,+0,1,
- 100, +0,7,) +0,g,(—2 -2y k. . 0 B29
2 I I l 2 82+olt|2 0l+01t21 lllllllllllllllllllllllllllllllllllllllllllllllll .
In Eguations HB.27 and B.J2Y shove:
k, - —(ln AL ,u._-q,,(z-ﬁz,) ...... B30
QJ !:JL xl Ty
where:
+

¢, is jfugacity coefficient of component i

/,“' is standard state fugacity coefficient of component i

P is pressure of the system

i, ] are subscripts for components i, j
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o

al

D00

ioo

200

11

00

160

This program ie sn adaptation of the one doe to Prausnitz et

£1980]1. It ie written to carry out & lignid-liquid eguilib

rium celculation for three component mizture- water, swaonis
and solvent. The sim iz to develop an smaoniz-wster-solvent ==
extraction heat poamp syvstem.

progrem dreli
common/pure,/nml { 100, nm2 { 1090 . nm3{ 100) . 1o (1) . pe( 100) , rd(

1100),dm(100}.8(100),c1(100).c2(100},c3(100),c4(100),c5(100)

1.ru(l100). qu{lo8) ,ap( 100}, d1{ 100, d2(100),d43(100) , 34 { 100)
common/binary/eta(8050),u(10G,100})/

real z(3),x{3).¥v(3). k(3

integer id{3}.err,ir,ie

call parin(3d.er}

if(er.gt.0)g0o to SO0

read(* ¥In,.t.{id{i},i=1,n)

ifin.eq.0)atop

kev=1

write(8.11¥n.t

format(//30H LIQUID-LIQUID EQUILIBRIUM FOR.I1I3.23H
1COMPONENT SYSTEM AT T=.F4.0)

write{(6.,12}

format{ s, "INDEX" .5X."COMPONENT" , 15X, "FEED" 86X, "R
1IFHASE" ,8X,."E PHASE" "8X,"K",}
read(*.%)Yir.le,(z2{i}.1i=1.n)

if{z{i}).eq.0)¥stop

s2=0.

do 212 i=i.n

sz=gz+z{ 1}

1f{az.1£.0.9989}g0 to 200

call elip{n.id.key.ir,.ie.z.t.v.x.y. k. ier)
iffier.gt.Mwrite{6.13) ier

format{,/9H **4%ERROR,IZ,3H%kx, )

do 229 i=1.n

fi=id{ 1)

write(6.l4)ii, mmi{iid.nm2{iti}.a{i},.x(i).y(i). k(i)
format(2x.I13,2x,2A10,3F12.4,1PE14.2}

continue

write(5,158v

format{ 3x,"E/R".1PRI.2// /%)

a0 to 2210

write(5,18)

format{,/"ERROR IN FARAMETER INFUT LECK™)

stop

end

gubroutine elipe(n,id.key.ir.le.z. t.a.xr.xe . k.erpe)

¢ elipe calculates conjugate phase compositions »r and xe for
¢ partially miscible n component liguid aystems (n.le.20) of
c overall compogition z at given tempersture t(k).

100

real

zin),xrin}),.xe{n),k{in},.gar{20),gxe(20).k1{20. ke, . kp. k2,
I r(20),ex{20)

integer id{n),err.erl

err={

kee=key
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if(ir.eq.0.0r.ie.eq.0)go to 101
go to(101,130,130,130,130,130,130,130,101,130).key
¢ for new systems without ir, ie specified, find ir., ie as least
¢ soluble pair
101 ke=1.
kp=1.
110 de 115 i=1,n
Xr(i)=0.
115 xe(i)=0.
3i=3
if(ir.ne.0)go to 120
if(ie.ne.0O)go to 121
116 do 119 j=2.n
xr(jl) =0.
xe(jl) =0.
jl=j-1
xr(j) =0.98
xe(j) =0.02
xr{j-1)=0.
xe(j-1)=0.
if(z(j)lt.0.10) go to 119
do 118 i=1,j1
xe(1)=0.98
xr(i)=0.02
if(i.gt.1l)xre(i-1)=0.
if(i.gt.lixr(i-1)=0.
if(z(1)1t.0.10) go to 118
call lilik(n,id,.kee,xr.xe,t . k. gar,gae.erl)
if(erl.gt.l)go to 900
kee=3
if(k(i).le.ke)go to 117
ke=k(i)
ie=i
117 if(l1./k(j).le.ke)go to 118
ke=1./k(j)
is=j
118 continue
119 continue
xr(n)=0.
xXe(n)=0.
Xr(jl)=0.
xe(jl)i=0.
go to 125
120 if(ie.ne.0)go to 130
is=ir
go to 125
121 ie=ie
125 =xe(is)=0.98
xr(ie)=0.02
126 do 129 j=1,n
if(j.eq.is)go to 129
xr(j)=0.98
xe(j)r=0.02
if(j.eq.(ie+l))go to 128
if(j.gt.1l)xr(j-1)=0.
if(j.gt.1lixe(j-1)=0.
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127 if{={j).1t.0.10)gn to 129
call lilikin,id. kee,.xr,xe,t. k., gar, . gae, arl)
iflerli.gt.Ygo Lo S00
kee=23
ifik(j)-ge.Epigo to 129
Rp=k{J)
ip=j
go to 129
128 if(J.gt.2¥xr{3~-2)=0.
if(J.gt.2ye(i-2)=0.
go to 127
129 continue
ie=ip
if{ir.ne.ielie=ise
if(ie.ne.iB}ir=ip
¢ initialize v and & phase compositions
130 de 131 i=il.n
Rr{i)=0.
131 =e(i)=0.
rrl{ir)=0.88
xel(ir)=0.02
xr{ie)=0.98
xel(ie)=0.02
¢ get initial estimatees v for k values
135 cmll lilikin.id. kee,xr.xe,.t.k.gor,gae,erl}
if{erl.gt.lgn to 900
sz={.
138 do 137 i=1l,n
pzzoz+2{i)
137 ki(ijy=k{i)-1
if({abe(sz-1.).8t.0.01)go o 903
- get initiznl estimate for =
a=z{ie)/(z(ie}+z{ir))
if{a.1t.0.)a=0.
if(m.gt.1.)a=1.
BOTE
it=Q
kac=0
o conduct iteration over phage composition (outer loop)
200 it=it+i
if{it. gt .b0Ygo to QOO
A=A
ac=a
¢ conduct newton—-raphson iteration for a at fixed k values
300 do 319 m=1.10
£=0.
df=0.
a1 do 309 i=1.n
k¥=a%ki(i)+1,
f=f+z(i)*k1(1i)/k2
309 df=df-z{ 1Y% (kI1(1) K2 I%x2
if{aba(f} 1t .1 . E-08)gn to 210
da=f/df
310 an=a-da
¢ limit a to range 0O-1 if it felle outeide poles of f.
ifian.lt -1/kr{iriigo to 312



312

319

an=a+{1l. /kRi{iri+a /2.

go to 319
if{an.gt.-1./kll{ie})go to 319
an=a+{l./kl(ie)+a)/2

a=an

gr=0.

ge=0,

¢ find new r and e phase compositions

211

215
220

225
¢ at
c by

do 215 i=l.n
zri{il=z{i)/(axkl{i)+1l.)
xe(1)=k(i)¥er({i)
sr=er+xr{i)

sepe+ral{i)

do 225 i=1.,n
rr{i)=xr(i)/sr
xel(ij=xa(i)/ee

alternate iterations after 3 accelerate phase composition
Wegotein method based on sum of deviationg of component

¢ fugacities

230

if(it. . 1t.3¥go to 250
if(it.le. 5. and.{a.lt. 0.or.a.gt.1.))g0 to ZB0O
if(kac.ge.1l)}go to 239
if(as.gt.sl}go to 250
ifi{ss.gt.}.2)g0 Lo 250
kac=1

wg=ss/{s8l-88)

wk=1_.4+wg

sr=0.

se=0.

do 235 i=1.n
wr{iyowk¥uri{i)-watrx(i}

¢ sllow no negative mol fraction

235

if{xer{i)1c.0. xpr{i1=0,
xe{il)=wkikxe(i}-wgrex(i)
ifixe{i).1t .0  }xe{i)=0.
ge=ge+xe(i)

¢ normalize accelerated compogitions (to allow for xr{(i) or xe(i)

c Bet
238

237
239

¢ get
250

to O}

do 237 i=1l.,n
r(i)=xr(i) er
xal(iY=xe(i) se

go to 2580

kac=0

new k and gamma values
call ilikin.id.3.xr.xe.t,k.gar.gae,erl)
ifleprl.gt.1l)go to 900
eap=1.E-03
if{it.le.bigo to 252

< check for vicinity of plait point

ppizki{ir)/k{iei+ki{ie) ki{ir)
if{ppi.gt.10. .or.88.gt. . 0.08)ge to 251

¢ exit if too near plait point

ifiit . ge. 20)Ygo to 2SO0
if(ppi.gt.7.go to 251

¢ check if calculation near plait point ie probably in single
¢ phase region--if so continue
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de=go
if(de.gt.0.5)de=n0-1.
di=({an-a}/de
if(di.1t.0.1) go to 290
251 if{rpi.lt.20)ess=2_.E-04
202 sl==ss
gzl
263 do 256 i=1i.n
BIC(i)=k(1)-1.
¢ calculate objective function
255 se=—petabs(gas{i)*xe(i)-gar{il*xr(i))
¢ check convergence
ifi{se.le.essigo to 190
if(a.ge.C..and . a le_ 1. )go to 280
if(it.1t. 3.or.8e.g5.0.20g0 to 260
if{it. 1t . S5.and.ss. gt 0. 08)go o 280
¢ check 1if a2 moving away from O-1 region
ifiasbhe(a)-abs{ac).gt. 0. )ge to 195
¢ pave last phase cowmpositions for use in scceleration
260 do 265 i=1.n
re(ii=xr(i)
2686 ex(il=xe(i)
go to 200
¢ feed in vicinity of plait polnt--check if in two phase
¢ region
290 if(a.ge.(. . and.e.le.l.go to 90H
g0 to 1956
¢ do not allow convergence on accelerated iteration
190 if(kac.eq.lidgo to 280D
¢ converged solution—-check if in two phase region
181 if(a.lt.0..or.a.gt.1.)20 to 195
err-erl
return
¢ feed ountaide two phase region
195 do 195 i=1.n
xre{id=z(1i)
196 =xe{id==z(1)
if(a.lt.0.)a=0
if{a.gt.1.)a=1
erpr=erl
return
c on failure to converge set a to -1 and er to 2
900 errzZ
g0 to 810
c for bad input data set a to -1 and err to b
803 err=h
gc to 910
¢ for feed too near plait point get a to -1 and err to 7
g08 err=%
g1t de 811 i=1.n
xr{i)=z(1)
git xe(id==(i)
a=-1.
return
and



100
110
i1l

119
120

121

125
126

1279

1248
12¢

130
140
141
142

143
145

149
150

185

subroutine gammsin.id.key.x.t.gam,.erg)

real »{20),gem{2Z20),pL(20) . ptal 20)

integer id(20),erg

common/pare,/ninl (100}, om2 (100 . 3100 ), e {(100Y,pe( 100}, rd(
1100),dn{100),a(100),¢1(100} ,c2{100),c3{ 100} .c4(100) ,cB(100)
1.ru(100),.gqu{i0D)  qp( 100) ,d1(100) . d2(100),43(100).,d4(100)
common/binary/eta(b060), (100, 100)

common/ges/ier . r1l{Z20),th{20}.tp(20),gcl(20),tau(20,20)
data z/10./

go to(110,120,120,130,130,120,130,120,110,120) . key
erg=;_

do 119 i=1.n

1i=id(i)

ri{ijzzx{ru{iir-qu(iit}t Z.-rufiidr+1.

sp=1.E-30

st=1.8-30

stp=1.E-30

as=.

8l1=0.

do 126 i=1,n

ii=id4(i)

th(i)=x{i)Y*qu(ii)

tp(i)=x(il%qp(it)

sp=sp+x(i)*ru{il)

st=st+th(i}

atp=satp+tp(i)

Pffufii,iiy.gt.1.F+18)g0o to 1256

se=se+x{i)

gl=agldx{ir4rl{i)

continue

do 128 i=1.n

ii=id{i>

th{iy=th(il/st

tpii)=tp{il/atp

iffufii,ii).gt.1.E+18)g0c to 148
gel{idy=rl(ii-ru(ii)tel /aptalog(ru{ijilfsas/aspit+zfquiil*
1 alogl{gu(itiesp/(ru(iil)*st)})/ 2

go to 129

gcl(iy=0.

continue

ifikey.eq.31go to 140

call tausi{n.id.t.tau,ier}

do 141 i=1.n

ptae(il)=0n.

do 149 i=1.,n

pt{i)=1.E-30

do 143 Jd=1i.n

vri{iy=pt(ii+tp(Ji*tau(d. i}

do 145 j=i.n

pta{ii=pte(i)+tp{irktau(j.i)/pt{i)

continue

do 159 i=1.n

iizid{i)

if(u(ii 1i).gt. 1. E+19¥g0 to 155
gril=gpr{iil*{il.-alog(pt{(i})-ptal(il

g to 158



100
1190

112
115
119

100

01

108

110

156

grl=0.

do 156 j=1i.n

Ji=id(d)
grilz=gri+th(ji)*(u(ii,ji)m(3i,.ii t)
gami{izexp(gel{iyrgrl)

continue

if(iabe{ier}.eq.1l)erg=1

return

endd

subroutine taust{n,id.t.tau,ier}

real tau{20.20)

integer id{(20}

commonhinarv/eta{5050), u{100.,.100}

ier=0

do 119 i=1l.n

ii=id{i)
if{u{ii,ii).et.1.E+19)ier=izsign({ier x2-2 -1}
do 119 Jj=1l.n

if(j.eq.i)go to 115

Ji=1d(1)
if{u{ii,ii).gt.1.E+19 . and.u{ij.ii}.gt.1 . E+19%g0 to
1 115

if{aba{u(ii,jj)y.1t.1.E-19})go to 112
if{(udit,ii¥+ulij.ij}).2t.1.E+193g0 to 115
tan(i,Ji=exp(-u(ii,jiji t)

go to 119

ier—isign(i, ier)

tau{i,.j)i=1

continue

return

end -

subroutine parin{m.erin)

integer erin

commor/pure /nml { 100 . nmZ2{ 100) . nn3( 100 1. e (100 ). po( 100) . rd(

1100} ,dm{100}.,8{100),c1(100} ,c2(100).c3{100}).c4(100).cH{100)
2,ru(100),qu{100) . qp(104),41(100) ., d2(3100),d43(100},d4(100)

common/binary/eta{ 5050, u (100, 100)
common/addp/wa{ 100),zc{ 100}, ve {100}

erin=0

ifim.g2t. 1020 to YO0

do 108 i=1.m

read{#.01)j.nm1{J).nm{J3).nm3{J)
read(¥,¥)j,.tel(J).pc{dl.a{j).rd{i). dm(j),rul(i?,

lau{j).apr{i)

if{j.ne.i)go toc 8OO

format(i3,Ad4,A4,.A4)
read{*.¥33.ci(3),.cl(J),c3(3),cd4(3),ch{})
if{i.ne_ilgo to 800
read(#,%33,d1{3).d2(3),d3(3).d4(J),wal{j).zc{i),ve(J)
if(i.ne.ijgo to 900

continue

read{* *)J

if(i.ne.0Ygo to 900

do 118 i=l.m

1i=(i-1y%i2+1

12=(i-1)%i 2+1%
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vead{( ¥, ¥i{eta(ii),ij=11,12)
119 continue
raad{¥,% e
if(abae(e).gt.1 . E-19})g0 to 200
120 de 121 i=1.m
do 121 j=t.m
121 u(i,ji=0.
125 readi{¥,¥)i,j,uij,uji
if{i.eq.0)go Lo 130
ul{i,jl=uij
u(j,ir=uji
g0 to 125
130 do 139 di=t.m
if(a(i). 1t 1. E-19%u(i,i)=1.E+20
139 continuae
return
oo erin=5H
retura
ensl
subroutine lilikin.id.key.xr.xe.t.k.gar.gae,srr)
¢ 1ilik calculates two phase effective liquid equilibrium ratios
¢ k for all 0 components {(n.le.Z20) whose indices appear in vector
¢ id.
real xrin),xe{n). k(n).gar(n).gae{n) . x(20),y(20),gx(20),
1 gy(20)
integer id{n},idf(20),err.erg
100 err=0
¢ convert compoaition vectorsa to dimension 20 to matech lower
c level subroutine
101 do 102 i=1.n
x{i)y=xr(i)
v{it=xe(i)
102 idf(i)r=id(i)
¢ get r and e phase activity coefficienta
call gamma(n.idf.keyv.x.t.gx.erg)
call gamma(n,3d.v.t.ay.erg)
¢ convert activity coefficient vectore to dimension n
110 do 119 i=1.n
gar(iy=gxn{i}
gae(iy=gy(i)
k{iY=gar{il /gae(li)}
if(k(i}.le. O, . or k{i}.gt 1. E+418go to Q00
119 continue
errserg
return
2 for a k value out of range set err to 2
g00 erp=2
do 805 i=1.n
905 k{(i)=0
return !
end
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program musop
¢ This program calculates the binary interaction parameters from
¢ mutual solubility data using UNIQUALC eauation. The non-linear
c equationz are solved by the Newton-Raphson iterative procedurse
dimension tau{4).tinc(4),v{4,4)
commonsmis Ao (2, xt(2),wof2Y, wt{2).vo(2),vE(2)
common/spure/Qp(2).gui{Z) . ruf{2) , mw{2)
realtpo(2).tpt(2) . tuc{2),. tut(2), . pac(2) . pat(Zd}),el{2) . mw(2)
1.t
integeyr idl,it,iprint
data =2/10./
n=2
¢ read or write the title, control data and pure compohnent data
resd( ¥ 110 {(nam{1,J).j=1.8),.(nam(Z,3).4=1.5),.(mw(i).rho
1 (1).3=1,2)
110 format(2A15,.4(F10.5)
write(* 11 (nam{1,3),.3=1.5),(nam(2,3),J=1,5),.,nam{1)},mw
1 {1)Y,rhol(1).mw(2),rho(2)
readi{%.%j)it,.idl,.iprint.n,ivap.dell.del?,{tau(i}). . i=1,2
1f{it.eq.0)go to GHO
write{* 228)it.iprint,v,dell.delZ, (tau(i),i=1.2)
read(*.%)(ap(i).quii).ru(i),i=1.2)
if(idl.eq.1)go to 345
if(idl.eq.2)go to 310
read{* . ¥ iwo{2}.wbt(1l)}
wo(1i=1.-wo{2)
wt{21=1.-wt{1)
g0 to 365
310 read(x.%f)vo(Z).vit(1)
vo(li=1l.-vo{Z}
vi(Zi=l.-vi{1}
go to 349
345 read(¥,F)no(Z}.xt(l)
»ol(l)=l.-xo0(2}
xt{2)=1.-=t(1)
2o to 365
340 do 350D i=1.2
wo{il=vo{i)¥rho({i}
wt{i)=vt{iY¥rho(i}
350 continue
¥o0{1)=1. /(1 +(nw{ 1 1%wo (21} /mwi{Z t¥wo (11}
®o{2)=1./(1.+ ' mw(2)¥¢fwo (1))  mw{ 1 i*wo(Z))
XE(13=1. /(L. +(mwl{ L RwE (23 Y /mw (2 Y %wt (1))
(2321, (1 .+ imw{ 2YFwt (1} )/ mw{ 1 y*wt (2} )
368 do 370 i=1.2
do 370 j=1.2
if(i.eq.jigo to 370
tpo(il=xo(i)*qQp(i ) /{xo(i)*qQqp(i)+xo(Fy¥qap(i))
tpt{i)=xt(ilkqp(i} (xt(iykgp(il+nt(ditqp(d))
tuc(id=xo(it*qu{i} {xo(irkqu{ilt+xo(d 1*quijd)
tut{i)=xt{ii*Qp(i) /(nt{i)¥qp(i)+xt(Ji¥apr(i)}
peo{i=xo(i)*xrul{i) Axo{i¥¥rruli)+xo(J i*xru{j))
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tpo(i)=xo{ir*ruli}/(ro{iyrrul{ijy+xo{J)*ra(i})}
e«l{ij={z/2)*(ru(i)-gu{i}}~{rxu(ij~1.)
conet{ij=alogipet(i}/peo{i))+z¥qulii*alog(tut(i}

1 *pao(i)/tuci Di*pet{i));/2+{el{i)-ruli)*el{i) /Tu(J)
2 #{per(ji-pac(ji)ii/ap(i)

cont inue

o Newton—-Raphson iteration

do 1585 wm=1,1it

¢ load partial derivatives array

viZ,1)=tpt (1) /(tpt(2y+tpt (1 ¥ktau(li})-tpol{l)/(tpo(2)+tpo(l}
Ftau(i )+ (tpo(2¥stpo(1 Y/ (tpo(2i+tpol{l)ktau(l1} ) )&x2-tpt{2)
2 *tpt{1)(tpt(Zi+tpt(1)*xtau(l) ) )xxl

wi2,2)=(tpt (1} /(tpt(1}+tpb (2 ¥ktau( ) ) )¥*2-{Cpo{l)}(tpo{l)+
1 tpo(2)*taal(2)) jx*x2
v{1,2)=tpt(2)/(tpt(1)}+tpt (2 ) *¥tau{Zri-tpo(2)/(tpol{l}+tro(2)}
Ftau(2) )+ {tpo(1¥¥tpo (2} /(tpo{l¥+tpo(Z)stan(2) ) ixxl-tpt (1)
2 %tpt(2YA(tpt (1 ¥+t (2 %tau(2) ) Y&x2

vil, Di={(tpt(21/(tpt(2¥+tpt(1ptau( 1)) ¥es2—(tpo (2} /{tpo{2)+
1 tpof{lixtaull)) y&k¥x2

vi2,3)=conet{2)~alog{ (tpt(ZX+tpt{1)*xtan{l1))/{tpo{2i+tpo(l)
tau{l)))-tpoilirysrtau{l )/ {(tpo(Z)+tpoi{ldstani{l}+tpai{l yktaul(
2 2y /(tpo{I+tpo{ 2 )¥tau(2) )+tpt{li¥tau( 1) /(tpt{Z)+tpt(1)*
3 tau(l))+tpt{ld*tau(2) /(tpt(l)+tpt(Z¥¥tau()}
vil,3)=conet{l)-alog( (tpt{ 1Y+tpt{2¥ktau(Z}) )} (tpo(l)+tpo(l)
Ftau(Z¥Y)-tpol(ZY¥ktau(2y/(tpo{l)+tpo(d¥¥tau(Z}+tpo( 2 )¥taul
2 ) tprol(2¥+tpo{li¥*tau(l ) )+tpt(2ixtau(Z) A tpt{1)+tpt(2}¥*
3 tau(Zyy+tpt{2iktau( L) A(tpti2)+tpt(1i%tau(l))

¢ call sipal to compute Jacobian and correction in tinc

deter=gimul{Z,.v,tinc,dell1,1,21)
if(deter.ne.Q¥go to 300
write(6,201)

g0 to 65

¢ check for convergence and update tau values

300

1556

65

115
201

20

204
205

itcon=1

do B0 1=1.2

if(aba{tinc{il}.gt.delZ)itcon=0
if(iprint.eq.llwrite(6,.202 m.deter.tau(l) . tau()
ifiitcon.eq.0go to 185
write(B5,203m,tau({l), tau(), tinc{l),.tinc(2)
continue

do 25 i=1.n

uf{i)=tx{alog{l. tau(i}})

write(5,208)

write(s,204)

read{¥,% ia

if{e.ne.0Yao to 200

format(2F10 .5, F10.2)

format (IBHOMATRIX 18 ILL-CONDMTIONED OR SINGULAR)
format(cHOM = I8/ 1CHCODETER = LE18.5/71X,"TAU{1)=
1 ", F10.5."TaD(2y= ", F10.5)

format ( 3BHUSUCCESSFUL CONVERGENCE A10HOIT = ,I3/1X,
1 "TAU(1)= ",F10.5,"TAZ)= ",F10.5/1X,"TINC(1)= “,1PE15.4
2 L2X,TINC{ZY= "7 ,1PE1b.4)

format({ 15BHONG CONVERGENCE)
format(1X."PARAMETER ESTIMATION FROM MUTUAL SOLUBILITY
DATA
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1 FOR",1X,34A4,"-"3A4,1X,"SYSTEM")
208 forwat{lX,3A4,35,F10_5_F10.2)
208 forwat(lX,"U(1l)y= ", F1O0.5.5X,"(2)= ",F10.5)

225 format{RAHI1IT = ,I8/ 10OH IPRINT = ,IB/1GH N = ,IB/ 1QH
1 DEL1 = ,ER. 2/ 10H DELZ = ,E8.2/ 1¥X,"Tall{l) =" ,F12.5,
2 BX, "TAIZEY =7 ,F12.5/)
atop
erd

function eimul({n.b.x,eps,indic.nrc)
real b(3,3Y.x{2).epe,aimul
dimenaion irow(23).3dcol(2).Jord(2Yv(2),pivet(2)
max—n
if(indic.ge.0imax=n+]
¢ ie n larger than 507
if(n.le.B50¥g0 to B
write(*.,.200)
gimul=0
return
¢ begin elimination procedure
5 deter=1.
do 18 k=1.,n
kml=k-1
¢ search for pivot element
pivot{k)=0.
do 11 i=i,n
do 11 J=1.n
¢ scan irow and Jeol arrays for invalid pivot subscripts
if{k.eq.13g0 to 9
do 8 iscan=1.,kml
do 8 jescan=1l.kml
if{i.eq.irow{iascan)igo to 11
if(J.eq.lrow{jscan)go to 11
8 continue
if{aba(b{i,j}).le.abs{pivot{illigo to 11
pivot(i)=b{(i,}}
irow(k)=1
Jrow(kl=j
11 continue
¢ insure that selected pivot is larger than eps
if(abas{pivot(i).gt.ep8lgo to 13
2ipul=0D
return
¢ update the determinant wvalue
13 itrowk=irow(k}
Jeolk=jool{k)
deter=deter¥pivot{i)
¢ normalize pivot row elements
do 14 J=1,.max
14 blirowk, ji=zb{irowk,d) /pivot{i)
c carry out summation and develop inverse
b{irowk, jcolk)=1. /pivot{i)
do 18 i=1.n
bijck=b{(i.,jecoclk)
ifii.eq.irowk}igo to 18

4 W SR _ 4 AE
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do 17 =1, max
7 if({j.ae.joeolk)b{i,d)=b{i.i)-bijck¥blirowk, )
18 continue
¢ order solution values{if any) and create jord arrsay
do 20 i=1,n
irowizirow(i)
Jeolizjcol(i}
Jordiirowiljccli
20 if{indic.ge.0¥x{jcoli)=b(irowi max)
¢ adjust sign of determinant
inteh=0
nml=n-1
do 22 i=1,.nml
ipl=i+1
do 22 j=ipl.n
if(Jord(J).ge.jord{iligo to 22
Jtemp=jord{j)
Jord(i)=jord{i)
Jord{ir=jtemp
intch=intch+1
20 continue
if{intch/2Z.ne.intchideter=—-deter
c if intch is positive return with results
if{indic.le.Q)go to 26
gimul=detar
return
c if indic 1s negative or zero unscramble
c the inverse firset by rows
26 do 28 J=1.n
do Z8 i=1.,n
irowizirowi(i)
Jjeoliz=dcol{i)
vijecolid=b{irowi.j)}
28 b{i,3)=v{i)}
do 30 i=1.n
do 30 j=1.n
irowi=irow(l}}
Jeoli=dcol(J)
v{irowil=b{i,irowl)
v{jeolid=b(i,jcoli)
30 b(i.ii=v(3)
¢ return for indic negative or =zZero
gimul=deter
return
¢ format for output statement
200 format({ I0HON TOO BIGH

end
o igtine o "= rogram for the estimation o© he UNIQUIAL
i i inite dilution coefficient datas

program infinite
¢ This program calculates the binary iteraction pasrameters from
¢ infinite dilution data usinhg UNIGUALD equation. The non-linear
o equationg are solved by the Newton-Raphson iterative procedure



¢ read or write the title. control data and pure component data

110

370

183

dimension teau{d},tinc(4),v{4,4)
comnmon/pare/qe{2),aqu{2),ra{2}
real we(2),t,gamitf{2)

integer idl,it.iprint

data =z/10./

=2

read{*,110}(nam{1,33.3=1.5),(nam{2,3},3=1,5),.(gamif(i)},
1 i=1,.2).¢

format{2(3A4},3F10.5H)
write(*,110)}{nam{1,3}1,3=1.5),.(nam(2,3),3=1,.5),(gamif(i),
1 i=1.2),¢

read({* . %}it,id}l  iprint.n.ivap.dell . del, (tau(it), i=1, 2
if{it.eq.0}go teo 950

write{* 225Yit.iprint.v.dell.del2.(tau(i},.i=1,2)
read(* . %}¥{gpr{i).qu{i).ru{i},.1=1.2)

deo 370 i=1.2

el{iY={z2{ru{i)-qu{i))-(ru{i)-1.3

conet(il=alog(gamif(iiru(i)Y/ru{i)d)-(=z/2) gu(iy¥*alog{ru(j)*

1 kqu(il/ru{idt*qu{jli-el(il+rul(il*el(j) ru{d)
2 *(pet(j)-psoi{d)) ) /ap(i)
continue

¢ Newton-Raphszsion iteration

do 156 m=1.it

¢ load partial derivatives array

viZz,1)=1./tau(l)

vi2,2)=1.

vil,2)=1. /tau(2)

vil.13=1.
v(Z,.3)=qp{2)*alogtau(li)-qp{2)*{1.-taui2) I+const(2)
vil.3 Y =gp{li*alogtauni{Zi-gp{l1)*{l.-taul(l)Y+const(l)

c call simul to compute Jjacoblian and correction in tinc

deter=simul{Z.v.tinc,dell, 1,21}
if(deter ne.O)go to 300
write(6,201)}

20 to 656

¢ check for convergence snd update teu values

300

155

85

125
201
202

{3 ]

itocon=1

do 500 i=1,Z

if{aba(tinc(i}}.gt.delZ}itcon=0
if{iprint.cq.]llwrite(B.202m.deter.tau{l) . tau{2)
iffitcon.eq.0)go to 1556
write(8,203)m,.tau{l),tau{Z).tinc({l),.tinc{2)

continue

do 25 i=1.,n

u{il=t¥{alog(l. /tau{i)))

write(6,.208)

write{8,204)

read{¥.¥)e

if{e.ne.0)go to 200
format{3I110/10X E7.2 13X, E7.2/20X,2F10,3)

format{ 38HOMATRIX IS ILL-CONDITIONED OR SINGULAR)
format(8HOM = I8,/ 10HODETER = LE18.5/1X. "TAU(1)=
1 ".Fi10.5,."TAU{Zy= Y, F10.5)

format { 3IHHOSUCCESSEIL CONVERGENCE A10HOIT = ,I3/71X.
1 "PADC 1)Y= “,F10 5 “TA( 2= ", F1O_ 5/1X,."TINRC{(1}= “,1PE15.
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2 ,2X,TINC(2)= """ ,1PE15.4)

204 format ( LEHONO CONVERGENCE)

206 formatilX, "PARAMETH ESTIMATION FROM INFINITE DILUTION ACTI
1 VITY COEFFICIENT FOR",1X,384,"-"3A4,1X, "3YSTEM")

206 forrwmst(lX,384,3X,.F10.5,F10.2)

208 forwmat(lX,"Ull)= ", F1O0.5,5X,"U{Zd)y= ",F10.5)

2285 format(BH1IT = ,I3,/ 1CGH IPRINT = ,IB/10H K = ,I8/ 10H
i1 DELI = LE3.2/ 10H DELZ = L(E3.&2y 1X,"TAU(1)y =",F12.5,
2 BX, "TANKZy =", F12.5/)
stop
end

function simul{in.b. x.eps,indic.nre)
real b(3,3Y,u{(Z},epe,.aimul
dimension irow{Z}.jcol{(2),jord(2¥v(2),pivot(2)
max=n
if(indic.ge.Dimax=n+l
c ia n larger than BO?
ifin.1=2.50)1go0 to b
write(¥ 200)
simal=D
return
¢ begin elimination procedure
5 deter=1.
do 18 k=i.n
kmi=k-1
¢ seach for pivot element
pivotik)y=0.
do 11 i=1l.n
do 11 j=i.n
¢ scan irow and jcol arrayvs for invalid pivot subscripts
iftk.eq.1)go to 9
do 8 iscan=1_ kml
do 8 Jecan=1.kml
if{i.eqg.irow(iscan}tligo to 11
if{j.eq.jrowi{jscan)igo to 11
8 continue
if{aba{b{i.j)).le.s8be{pivot{illgo to 11
pivot{ili=b{i.J)
irow{k)=1
Jrow(k)=3
11 continue
¢ insure that selected pivot is larger than eps
if{abs{pivot{i}.gt.ecpelgo to 13
simul=0
refurn
¢ update the determinant value
13 irowk=irow{k}
Jeolk=3col{k)
deter=deterkpivot{i)
¢ nermalize pivot row elements
do 14 3=1.max
i4 Wlirowk. 3 i=b(irowk, ) /pivot{i)
¢ carry out summation and develop inverse
b{irowk, jcolk)=1./pivot(i)
do 18 i=1.n
bijck=b{i,.jcolk?}
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if{i.eq.irowk)igo to 18
b{i,jeolk)z-bijck/pivot(i)
do 17 i=l.max
17 if{ji.ne.jecolkib(i,i)=bi{i.Ji)-bijck*b(irowk.J)
18 continne
¢ order solution values (if any) and create jord array
do 20 i=1.n
irowiz=irow(i)
jooliz=jecol(i)
Jord(irowiljcoli
20 ifiindic.ge.dix{icolit=b{irowi . max)
¢ adjust sign of determinant
intch=0
mmi=p-1
G0 22 i=1.pml
ipi=i+1
do 22 j=ipl.n
if{jord(j).ge.jord(iltligo to 22
Jtemp=Jjord{j)
Jord{ji=jord(i)
Jord{ij=Jdtemp
intch=intch+1
continue
if(intch/2.ne. intchideter=—deter
¢ if intech is popitive return with results
iff{indic.le.d3¥go to Z6
simul=deter
raturn
¢ if indic is negative or zero unscramble
¢ the ipnverse first by rows :
28 do Z8 j=1.n
do 28 i=1.n
irowizirow(i)}
Jeeliz=jeol (i}
vi{jeoli}=b(irowi, i}
p{i,Ji=y(1}
do 30 i=1.n
de 30 J=1l.n
irowizirow{Jj:}
jeoli=jcol(i}
yviirowii=b{i.irow])
yi{Jdcolit=b(i.jcold)
30 b{i.J)=y{(H)
c return for indic negative or zero
simul=deter
return
¢ format for output statement
200 format(iO0OHON TOO BIG)
end

[}
(]

b
[o4]
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100

111

program thermo

real ieva,icon.ige.,iab,ieco,ival,ivaZ,iext,irec,ist,
1it.mw(3),k(10) ,.,nbp(10)

common/pure /nml( 100 ) ., nmZ( 100}, nm3( 100 ), tc(100),pc(100), rd(

1100),dm(100),a(100),c1(100),cZ2(100),¢3(100),¢c4(100),c5(100)
2,ru(100),qu(100),qp(100),d1(100).d2(100),d3(100),d4(100)

common/binary/eta(5050),u(100,100)
common/addp/wa(100),zc(100),vc(100)
dimensidibv(10) . wfc(10),.x(10),¥v(10).1id(10),xf(10),cp(10)},
1 vyf(10),gam(10),xx(10),yy(10),xm(10) ,xw(10) ,wf(10),hv(10)
call parin(3,er)
if(er.gt.0)go to 900
read(#*.*)n,ice.(id(i).i=1,n)
do 111 i=1.n
read(* . % )nbp(i).mw(i),.cp(i),.hv(i)
continue
read(*,%)tev, tab
read(*.*¥)fs.rr.(xw(i),.i=2.3)
dbp=abs(nbp(3)-nbp(2))
if(ice.eq.1l)then
write(#*,1500)
else
write(* _,2000)
endif

1500 format(18x, THEORECTICAL COP AND' IRREVERSIBILITY IN THE

IMAIN UNITS OF " /19X, "AMMONIA-WATER ABSORPTION HEAT PUMP WITH
ZEXTRACTION UNIT” /30X, "ATTACHED IN THE LOW PRESSURE
1SECTION" /)

2000 format(18x, “THEORETICAL COF AND IRREVERSIBILITY IN THE

IMAIN UNITS OF 719X, "AMMONIA-WATER ABSORPTION HEAT PUMP WITH
ZEXTRACTION UNIT  /30X. ATTACHED IN THE HIGH PRESSURE
1SECTION" /)

tco=tab

call vap(tco,te(2),pc(2),.nbp(2),pat)

pco=pst

call vap(tev,tc(2),pc(2),.nbp(Z),pev)

pab=pev
write(*,4000)tev,tab,pev,pco,nml(3),nmZ(3),nm3(3),cp(3)
1,hv(3),dbp

4000 format(Z1lx, EVAPORATOR TEMPERATURE (K) = °,F6.2/
121x, "ABSORBER TEMPERATURE (K) = “,F6.2/
121X, "EVAPORATOR PRESSURE (BAR) = “,F6.2/
221X, "CONDENSER FRESSURE (BAR) = “,F6.2/
317x, "AFPROACH TEMPT TO ABSORBER (K) = 10.00°/
417X . EXTRACTING SOLVENT EMPLOYED : ",A4,A4.A4/
517X, "SOLV HEAT CAP-ca. 303K (kJ/KG.K) “,F6.2/

“wF6.2/
"FS-:.{."]

617X, "SOLV HEAT OF VAP-normal b. pt. (kJ/KG)
717X, "BOILING POINT DIFFERENCE (K)

do 52 kk=1.2

gfr=float(kk)*fs

sf=sfr/(1.+sfr)

imnoon
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do B4 j3=1,2
r=tloat{jjy¥rr
do &5 11=1.2
cetl=floati{ll-1)*%10, +38.
cat-oetl /100G
dons=cet/uw(2)
detwe=(1.-cet)/mw(l)
frma=dws /(s due )
Tew=1. -fwa
de 56 wan=1.,3
cwkli=float(mn-13%10.+16,
cwk=cwk1 /100,
winEsE=owk /mea {2}
wanm=(1_ —-cwk )} me{ 1)
Twzowins /(Wi Wi §
fww=1.-fwa
ifi{catl-cwkl). 1t.10. )go to B8
fmi=r+1.0
finza=1.0
fin3=1.0
fub=1_.0/{cet-cwk)
find=fm5-1.0
fmld=r
if{ice.eq.1l)then

fnZ=fml

td4=tab
&lBe

fnb=fmd

frnda=ftm4d

fm2=1_0

tA=talb+10.

tda=t4d

t7a=tab
endif
+(=293.156
+1=278.15
te=298_.15

T AARNIOEEN Y L awe ana lyseskoioriiony

wict 1Y=0_.0
wlfc(2)=1.0
czll enth(2,id,1,0,wic.tco,.peo . hZ2a,ere)
call enth(2,1d,1,2,wfe,tev,pev, hi3,ere)
h2a-hl2= wa(2)
h3=h3/mw{2)
gev={fm3th3-fuZathls
ieva-gevE{ {LO/tev)-(t0/t1))
¢ S=======expansion valve to evaporator (EXVA2 y=-—==
nvwt=2
call rho((tev+tcol}/Z,ice,nvt,peo,.pev,{pco+pev)/2.pc,te,
lec.mw.ve.wa.rh)
ivaZ=fmiZ*{poo-pevitrh+l.(31325
(e :::::::::Condenser:::::::::
hi=hla
if(abas(nbp(I3i-nbp{23).1t.200. 1then
ti=tco '



189

elees
tl=zteca+ll,
ful=sfr/{cst-cwk)
T3z = a3
fuBb=1tm3
fu'7=fmB3+fml
endif
call enth(2,id, 1.2, wfo.tl.poco,hl.ere)d
hl=hl/mw(%)
qeon=fml*(h2-hl)
wf{13=1.0
wf{Z2)=0.0
call enthi{Z,id.1,.2,wf,t0,1.013258 hi,ere}
call enthi{?.id,. 1.2, wf . ts.1_ 01325 ho,ere}
qeono={ho-hil/mw{l)
rizabs(qcon/qcono}
tim={ts-td) /alog{te t(}
acon=qcon*{l.—-ta ted)d
acono=qeonod{l.—-t0/tim)
icon=-(acon+rZ¥acono}
text=tab
tS=tab
tB=text
ti0=tco
1f(abes(hbp{3}-nbr{2}11.1t.200. Ythen
c *¥kcompute if nbp tempt diff between solvent and ammonia not
c *¥large enough

fawoxwi{ 2 fmw( 2} {xw{ 2 )smw( 21 +xw{ 3 Y rmw{ 3 )}
faw=1_ -faw

saw=sfr*faw/ fow

fm8=(sfr+saw}. (cat-cwk)

fm8a=fm8

fm8b=fm8

fm7=fm8+fml
ap=(r+l1.)k{cat-cwk)+sfr+oaw
sm=sfr/ap

fm=1.-om

Mfm=fm/mw{ 2}

nasm=am/mwi3)

i 2 y=xfm/{ xfmtxem)

=m{3)=1.-xm{2)

¥{Z1=.950

¥{3)=.050

call budet(l1,3,.id. 1. xw,.v.t.pat.k.err)
tat=t

poco=psat

camv=y () 3mwi{Z} (V{23 Fmw( 2 )}+y(3)fmw(3) }
ri=fcamv-faw} (1.4r}

fmS={ fm- faw Yk fm7 /rf

fmBa=fmb-£fml

t8=tst

t9=t8

t8a=text+10.

t8b=t3

t9a=tco
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call enth(3,id,1,2,y,tet,pco, b9, ere)
hS=nQ /(v (23w {2 ¥+ (3 bum {3} )
x{(2)=G.0

x{3)}=1.0

call enth{3,1d,1,0,xw,tco,peo, hfa.ere)
ESa=ha/ {xw( 2 Fmw({2)+xw( 3 *uw (3} )
grec=fuda*ha+fulxhl-fudsho

QY eco= o000

tlo={te-tl} /alog{te/t0)
areco=qreco¥(l. -t0/t1m)
tlm={tet-teo)  mlog{tet/tco)
arecsgreck{l, -t0/t1lm)
rrec-abs{grec/greco)
irec=-(arec+rrectareco)

if(ice.eq.l)then
FmB=fm7
fmba=fmd
tHa=fmB¥*{t8-t8a )/ fub+tH5
t7=t5a
eles
tTm7a=fm7
t7=fuB¥(t8-t8as ) /fuu7+15
andif
call enth{3,1d4,1.0,xw,t8,pco.hil.ere)
h8=h8/{xaw(Zkmw ({2 i+xw{3*tmw(3})
call enth{(3.,id,1,0.xm.t7.pco,h7.ere)
h7=h7./{xm{ 2 Y*mw{ 2 +xm{ 3 rmw{ 31}
get={ fmB+hi+ Imtrho - { fmBarhSa+ fm7+h7 )
call enth(3,id.1.0.x,.tst,pco, hfs.ere)
h@az-hda/(x{ 21w (2 )+x (3 Emw(3) )}
qaets-fmS+*hSa—fm7+h7
tim=(tat-t7}/alog(tat t7)
astes=gqats¥{1.-t0/tlm)
astvz={gast—-qatsl¥({1.-t0 tat}
ast=-astat+astv
astg-ast¥(l.~t/tat)
igt-astg-ast
else
¢ #dcompute if nbp tempt diff between solvent and ammonia is
¢ **large enough.ammonia heated 10 deg U. above boiling point
C =onzooc—ovgporiseprssozoz=z===
X¥w(ZHi=0.0
XWw(3)¥=0_0
tet=tco+10.
ti=tat
t8=tet
tBa=t8
t3b=ts
if{ice.eq.1tthen
fm&=1fm7
fmba=fmb
tha=text
t7=tbn
else
fm7a=fm7
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t7=text
endit
Xw(2)=0.0
xw({3)=1.0
call enth(3,id, 1,0, xw.t8,pco, bl ere)
h3=hB e (3}
ap=(r+1. y¥{cat-cwk)+efr
eu—sfr/ap :
fTin=1. -8m
wEfm=fu /w2 )
xem=eu/uwi 3)
X2 y==fm/{xfm+xem)
®E(3)1=1.-x£{(2)
call enth(3,id,1,0,x£,t7,.pco b7 .. eve)
h7=h7/(xE(2)*em{ 21+ T (3 ) ¥mawi(3) )
tlo=(tet-t7) /alog{tet /7))
call enth(Z,id,1.2.wic.t7.pco.hlv.ere)
call enth(2.,1id,1.0,wfc.t7.poohle,.ere)
h7a=fthiv-hle) /mwi{l)
get=(fmi¥ hi+fmB*h8 ) - ( fuT*h7+ful*h7s )
ist=ger ¥ (O /L lm - (20 /eet))
endif
ckrffirextraction at lower pressyresfiick
tf{ice.eg.11then
if(t8.eq.t8a.or.tSa.eq.t8igo to 299
call enth(3,.i4.1.0.xw,.t8.pev.h8b.ere)
h8b=h8b A xw( 2V ¥mw{ 2 +xw (3 ) ¥mwi 3} )
call enth(3.14.1,0,%w,.t8a,.pev h8a,ere)
h8a=hS8a. (w2 Y *mw{ 2 1+xw(3emw(3) )
gecoi=fm8a*h8a- fm8b+h8b
tlm=(t8-t8a) /(alog{tl8,t8a))
aeconli=gecoi¥{1.~-t0/tim)
tim={t5a-t6)/{alog(tba /t6}}
seconZ=—-qgecoi%{i.-tD/tim}
ieco=-{aeconl+aecon)
¢ =====—=—pxpansion valve to extractor (EXVAl)j=====
299 nvi=2
call vap{tab.tc{2),.pc{Z).nbp{2).pvp3)
call rho{tab.ice.nvt.pco.pev.pvpl.pe.to,.zoc,.mw,.ve,
1 wa.rhi}
call vap{tab.tc{(3).pci{3),.nbp(3),.pvpd)
call rho(tab,ice.3.pco.pev. {pcotpev)s 2, pc,te,. 20, mw,
1 ve,wa,rhd}
REZY=aw(2yemw({ 2 ) /(w2 Yhmw (2 Y +ew( 3V Emw( 3} )
x{3¥=1.-:(2Y
rhx=rh3sy{ 2 )+rhd¥x (3}
ival=-fm8*t{pco—pevikrhxxl. 01325

x(13=0.0

x{(2)=1.0

x{31=0.0

call enthi(3,14,1.,0.x.t10 . pev. hl0,.era)
h10=h10/mw{ 2}

»{liz=fww

x{d ) =fwa



172

call enth(2,.id,1,0,.%,.text,pev, hi,ere)
hd=h4 /({1 Y*ane{ L )+x(2)%me {2} )
w=({ 1) =frow
®(2y=fwm~
cull enth{Z,id,1,0,.x,tab. pev. bbb ere)
hS=hS/ ({1 *ue{ L) +x (2w (2} )
an=r+fmB3+1.
gfi=fulBon
gfl=1.-5f1
em=—afl/mw{2)
em=sfl/ww(3)
tm=emtam
®{2)=aan tm
X (3 )=em/ tm
call gamns{3,1id,l,x,text,gam,erg)
egh={.
do 230 i=2.3

230 egtzegt+x{i)*alog((x{i) i *¥{gami{i}}}
rel=8.314
estazrael vt 1 O+ fml0+fmlBa ket
estazesta/ ({2 ¥mw{ 2)+x (3 %mw (3} )
imix=-esta
epa={cet-cwk )} /mw(2)
epw={ frw¥epa } Tma
2{1)=epw/(epairepw)
Xx(2y=1.-x(1)
call gemma(d,id,l,x,text,gan, erg)
esti=0.
do 232 i=1,2

232 esgtizesti+n{ii¥alog{{x(i) ¥ {gam{i}})
rtu=1l.+{1l.-cet)/oat
eotal=rcelitértmiest]
estal-estal /(X {1)¥um{ L)}+2 (2 ¥mw{ 2} }

o iextz=imix+ental
elpe
o ¥¥extraction at higher pressure

if(t3.eq.tBa.or.t7.eq.tB)gn to 499
call enth(3,id, 1,0, xw,t8z,pco  hida,ere)
hB3a=hea/{mw(21¥mw(2}+xw{ 3 r+¥mw{ 3))
call enth(3,1id,.1.0,xw,t8,.pco.hd . exre)
hB=h8/{xw{2 Y *mw{ 2V +xw{ 3 )*uw{ 3} )
qecoiztmBashBa—Told+hs
tim={tBa-tB)//(alog{tBas/tB))
veconl=qecoi*{i.-+0,/t1im)
tlm=(t7-t8)/(alog(t7/t8))
aecond=-gecoi*(1l.-t0/tlm)
iecoz—{seconl+aenon?)
o ===oocTs—expansion valve to absorber {(EXVAl)=====
499 nvt=1
x{1)=1.-fwa
x{2)=fwa
call vapitd . tefl) .. pe(l).nhpil.pvpl)}
call rho(td4,ice .. nvit ., poo.pev, pepl,pe.te.ze, mw,ve,
1 wo,rhl)
call vapltd, te(2),pe(2) . nbo{ 2, pvpd)
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8800

goo0
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call gemma(2,id,1,x,tab,gam,erg)

est=(.

do 237 i=1.2

est=est+x(i)*alog((2(L) )% (gam{i)))

rol=R_.314

eztazro LrbOwx ( fuld+fmnd Y xest

esta—eata,/ (R(L)*aee( LY+ {2 ) ¥mw(2Z) )

imix=—esta

tlpm={tab-tev)/(alog(tab tav))

iht=qab* ({L0/t1ln)-{(te/tab))

iab=imix+iht e

copflo=gev/ast

copele=copflo¥{tl/tev-1.)/( 1. ~-t0/tet)

copflh=abs(gab+goontqren ) /get

copslh=copflh¥(tO/tev-1. ) /(1. ~t0/tat)

ta=qgev+goon+grec+qecorqextrgabiget

1t-1eva+1con+irec+1eco+iext+iab+ist+ival+tVd2

teatv=tab-tev

cr=pco/pab

cdf=zcet-owk _

if{ikk.eq.l.and.jj.eq.l.and.ll._eqg.l_and.mm.eq.1l)then
write(*,6700;
write{* 8800 )sfr . r.cetl,owkl,leva,iab.ival, ieco,ist,
irec,icon ival, it ,copfle,copflh

else _
write(* . 8800Yafr.r,.catl.cwkl . leva.iab.ival.ieco.ist,
irec.icon,iva?,.it,copfle,.copflh

endif .

continue ' .

continue

continue

continue ' :

zxzzz==format ridge-———=—=======

FORMAT{1X, "SYSTEMS PARAMETERS® IX 25{7%7 ),

1"IRREVERGIBILITIES™ (Z2({747 )_lx_d( 7)), 7C0P8” 37K/
21X.” 8FR R €8T CWK EVAPR ABSOR EXVAl ECONO VAPOR
4RECTF CONDS  EXVAZ T-IRR COPC COPH™ /12X, "% % 7,31
5{°="%," kIJKG ~ ”5('"‘1)

N3RMAT{1X,E(F4.2,1x) 2{F4.1,1x).8(F6.2,1%),F8.3,1x,F5.3,
1x,

1F¥5. 31

Pttt & P ¥ T E S FFE L T4 S 4 5 Sl e e ffetn)

gtop

end
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program therno

real ieva,icon,ige.,iab.ieco,ival.ivaZ, iext,irec,ist,
lit,mw(3),k,nbp(10)
common/pure/nml (100) , nmZ(100) ., tec(100),pc(100),rd(100),

1 dm(100).,a(100),c1(100),cZ(100),¢3(100),c4(100),¢5(100),
2 ru(100),qu(100).,.qp(100),d1(100).,d2(100),d3(100).,d4(100)
common/binary/eta(5080),u(100,100)
common/addp/wa( 100} ,z2c(100),ve(100)
dimensidobv(10) . wfc(10),.x(10).v(103.1id(10) . xf(10),.cp(10),
1 vf(10),gam(10).xx(10),xm(10),.vy(10).hv(10)

call parin(3.er)

if(er.gt.0)go to 900

read(*.#¥ )n,ice.ke,(id(i).i=1.n)

do 111 i=1l.n

read(*.% )nbp(i).mw(i),cp(i).hvi(i)

continue

read(*,*)tev,tab

dbp=abs(nbp(1)-nbp(2))

write(*,1500)

1500 format(18x, THEORECTICAL COP AND IRREVERSIBILITY IN THE

IMAIN UNITS OF° /28X, "CONVENTIONAL AMMONIA-WATER HEAT
ZPUMP” /)

tco=tab

call vap(tco,te(2),pc(Z),.nbp(Z).pco)

pege=pco

call vap(tev,tc{Z),.pc(2),.,nbp{Z).pev)

pab=pev
write(*,4000)tev,.tab,pev.pco,.cp(l).hv(l).dbp

4000 format(Z1x, "EVAPORATOR TEMPERATURE (K) = °,F6.2/

“,F6.2/
a2/
“ s F6.2/
“ F6.2/
"F'?.Z/
‘. F6.2/)

121x, "ABSORBER TEMPERATURE (K)
121X, "EVAPORATOR PRESSURE (BAR)
221X, "CONDENSER PRESSURE ( BAR)
317X, "WATER HEAT CAP.-ca. 303K (kJ/kg.K)
417X, "WATER HEAT OF VAFP.-normal b.pt. (kJ/kg.)
517X, "BOILING POINTS DIFFERENCE (K)
do 54 kk=1.,Z2

r=float(kk)*0.25

do 55 11=1.2
cetl=float(11-1)1%10.436.
cet=cetl1/100.

dma=cst/mw(Z)

dmw=(1l.-cset)/mw(l)

fma=dma/ ( dma+dmw )

fmw=1.-fma

do 56 mm=1.3
cwkl=float(mm-1)*#10.+15.
cwk=cwkl/100.

wma=cwk,/ mw(2)

wmw=(1l.-cwk) /mw(l)

fwa-wma/ ( wma-+wmw )

fww=1.-fwa

nnn

mwun
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if{é{catl-cwkl}.lt.10. }go to 55
t=0.

®{1ly=fww

®{2)=ftwa

y{1)=0C_1

y{2)=0.9

call budet{1l,2,id,1,x%,v,t,pee.k,err)
tLge=—t

poo=pge
camv=y{Z)¥fmw(Z)/{me{ 1 )ky {1 ) +mw( 2 )ky{Z))
fml=1.04+r

fin2=1.0

fmZa=1.0

fm3=1.0

fm7=1._0/{cet-cwk)

fmo=fm7

fm8=fm7-1.0

fmO={ {cet-cwk/{camv-cwk } 1 ¥fmb
fmil=fm-1.0

fmd=fmS

fmda=fmd

fmb=£fm7

tO=283.15

t1=2878.15

tes=288.15

wfa{1)=0.0

wiel(2)=1.0

call enth(Z,14,1,0.wfc.teco.peo.hia, ere)
call enth{2.,id,1,.2.wfc.tev,.pev.h3.ere)
hZaz=hZa /mw(2}

h3=h3/mw(2)

qev={ fm3*h3- fmZ+hZa)

jevazagevk ({(LO/tevi—(tO/t11))

nvt=0

call rho({(tev+tcoo )/ 2, ice.nvt,peco.pev., { pocotpev) /2 pe, te,
1zc.uow,ve .. wa.wic,.rh)

ivaZ=fmid¥(pco—pevifrh+l . 01325

h2=hZa

call enthi(2.id.1.2.wfe.tco.pco. hl.ere)
hlz=hl /mwi(2)

qocon={ fm2*hiZ-fmi*xhl)}

wic{1}=1.0

wifc{21=0.0

call enth{2,1d.1.2 wfc.t0,.1.01325 hi.ere)
call enthi{Z,.id,.1,.2,wic. te,1.01325 . ho.ere)
qeono={ho-hi) mw(l)

rZ=abs{gcon,/qcono}

tim=(tas-t0} slogi{ta/tQ)}
acon=gqeon¥ {1 . ~ta Leo)
BCono=3cono# (1. -t0/t1m)
icon=-{acont+r¥acono}
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ti=tco
t9=tge
t10=t1
®(1)=fww
x(2)=fwa
call enth(2,id,1,0,x,tco,pco,hl0,ere)
h10=hl0/( fww¥uw( 1 j+fwatuw(2))
call enth(2,id,1.2,yv.tge,pco, h9.ere)
h9=h9/(y(1l)%mw( L)+y(2)%um(2))
qrec=(fml¥*hl+fmlO*hl10 )~ ( fm@*h3+r*h2)
Qreco=acono
tlou=(te-t0)/alog(te/t0)
areco=qreco¥(1.-t0/tlm)
tlm=(tge-tcO)/alog(tge/tco)
arec=qrec¥{1.-t0/t1lm)
rrec=abs(qQrec/qQreco)
irec=-(arec+rrec¥areco)
C ::::::::::generatgr:::::::::::
t4=tab+10.
tB=tab
t8=t9
x(1)=fww
X(2)i=fwa
call enth(2,1id.1,0,x.t4,pge.hd.ere)
h4=h4/(=( 1 )¥ww( 1 )+x(2)¥%mw(2))
call enth(2,id,1,0,%x,t8,pge. . h8,ere)
h8=h8/(x(1)%uw( 1)+x(2 ) ¥uw(2))
2x(1)=fumw
Xx(2)=fma
call enth(2,id,1,0,xx,t6,pge.h6,ere)
h6=h6/(xx( 1)*¥mw( L)+xx(2)¥mw(2))
h7=( fu8*h6+ful*h8-fmd*hd ) /fm7
gege=({ fm3¥hB+fu9*h9 ) - ( fulO*h10+fm7*h7 )
c ¥¥calculate t7 assuming only sensible heat around economiser
c ¥¥& neglecting approach teupt in the pipes
t7=ful% (tB-t4 )/ fu7+t6
tilm=(tge-t7)/alog(tge/t7)
call enth(2,id,1,0,xx,tge,pge,.hfs,ere)
h9e=h9s/(xx(1)¥mw( 1 )+xx(2)¥mw(2))
qee=tn9+*hIs—-fa7+h7
ages=qEes¥(1.-t0/tlm)
agev={qge-qges )¥(1l.-t0/tge)
AgE=AgEsrAREV
ageq=-qee*(1.-t0/tge)
ige-ageq-age
C = ssmsscscsm=atonomiserss=ss=====
gecoi=(fmd*hd-ftmB3+h8 )
tlm=(t4-t8)/(alog(td4/tB})
aeconl=gecoi*(1.-t0/tlm) ‘
tlm=(t7-t8)/(alog(t7/t6))
aecon2=-qecoi¥*(1.-t0/tlm)
ieco=-(aeconl+aecon)
c =—=======zexpansgion valve to absorber (EXVAlj=====
nvt=1
®(1)=1.-fwa
®(2)=fwa
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epli=0,

pvp2=0.

rhi=0.

rh2=0.

call vap{td.to{l).po{ D). nbp{l).pvpl)

call vap{td. tc{2)y,.pc(2),nbp(2),pvpr2)

call rho(td.ice. nvt,pco.pev.pvel.pe.to,2c.mw,ve,wa, x.rhl)
call rho({td.ice ), peco.pev.pveZ.po.te,3c.mw,ve,wa,x,rh2)
R{L)=x{1ymw{l)}/(x{1)*mw{l}+x{(2)*mw{Z))

R{21=x {2y (2 /({1 ykmw{ 14+ ( 2 vkmw(2) )
rhe=x(1)}¥rhl+x{2vkrh2

ivai=fm8*{pco-pevi¥rhaxl 01328

¢ ===z=z==z=zzzz=z—-ghgorbep=-so============

swm{ 1 i=fmw
xm(Z)=fma
call gamma{Z2.id,.1,xm, tab.gam,erg)
call enth{Z.id.1,1,xm,taeb,prev. hdd, ere)
hdd=h4d,/{x (11 *mw( 1 )+x{(2)*¥mw(2Z})
hix=fmb* { h4d-h&)
gab=fmb5+h6- { fm3I*rh3I+ fmithd+hmx )
entmix=qab
est=0,
do 230 i=1,2
230 est=est+xm(i¥¥alog((xm(i))*¥(gam(i})))
rc=9.314
egta=rcortOX{ fm3+ fmd Ykest
eata=(eata,/(3m{1*mw{ 1} +xm(Z Y ¥mw(Z}))
imix=-esta
tlm=(tab-tev) alog(tab/tev)
iht=qab*k({{t0/tImi-{ta tab))}
jab=imix+iht
copfle=qev. qge
copagle=copflod{tQ/tev-1.Y/{1.-t0/tge)
copflh=absa{qab+qoon+qrec ) qge
copslth=copflh*{(t0 tev-1. ) {1.-t0tge)
tq=qev+qoon+grec+geco+qge+qab
itzieva+icontirec+ieco+igetiabtival+ival
temtv=tab-tev
cr=pge/pab
cdf=cat-cwk
if{mm.le.1.a8nd.1l.1le.1l . and.kk.le.1lithen
write(¥,8750)
write(*.8800Yr,.catl.cwkl.jaeva,.iab,.ige.ival.ieco, irec,
1 icon.ival . it,copfle.copflh
else
write(* 6800Yr,catl,cwkl.teva,iab,ige,ival,jieco,irec,
1 icon, ivaZ.it.copflce,copfih
endif
56 continue
- BB continue
84 continue
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8750 FORMAT( 1X, “**+*PARAMETERS*** ~ , 23(“#°" ), "IRREVERSIBILITIES”
1,25( %7 ), 2K, "#¥xCOPes**¥ " /1X." R CST CWK EVAPR ABSOR
1GENER EXVA ECONO RECTF CONDS EXVA2Z T-IRR COPC
1COPH" /7X,” % % ",1X,27(°="),"kJ/KG~ ,33("="))

6800 FORMAT(1X,F4.2,2X,2(F4.1,2X),3(F6.2,1X),2(F6.2,1X),1X,

1 F7.2,1x,2(F6.2,1X),FB8.3,1X,2(F5.3,.2X))
900 stop
end



180

100

104

110

111

116
116

119
120

125

gubroutine enth{n,id,kev,lev,zf.t.p.h,ere}

real z(201,.phi(20).z2f(n)

integer id{20).ere

common/oure /aml {1003, nmZ2( 100 ) 3 100, o 1G0) , pe (100, rd(
1100),dm(100),a(100},c1(100) . c2(100).c3(100),c4(100),cH(100)
Z2.ru{100),qui 00y, gp(100),d1 (100, 32{100),43(100).,.44{100)
common//binary/eta(5050),u(100,100)

common,/gas/ler . r1 {20, th{ 20}, tp(20),2c1{(20) . tau{20,.20)
common/virial kv . b(210),bd(Z210}.db(210)1.db3{210) . .bm
common,/pe/hl{2Q),=z1(20),c(210),vnt . t1l,pl
data.cd/8.31438.,.0.08880705,/, tr,tr2 ., trf /300, ,00000. ,1411. /
are=(}

tu=0.

do 104 i=1l.n

2(t¥=zf(i)

1f(key.lt.9¥20 to 120

if(lev.1lt 230 to 110

call bijei(n,id, key.t.ere)

if{ere.gt.1}g20 to 900

if{kv.eq.0igo to 110

¢all phisi(n.i1d.8.z,.¢t,.p.phi,err}

if(err.gt.1)go to 900

go to 120

if{lev.eq.Q)ge to 120

call taua(n.id.t.teu,.ier}

if{iabs{ier}.eq.l)ere=1

at=0.

stp=0.

do 115 i=1i,n

ii=id(i)

thii)=z(il*xqu(ii)

tp(ii=a(i)*qp(ii)

atp=stp+tp(l)

at=at+th(i)

do 119 i=1i.n

thi{iii=th{ils/st

tp{i)=tp({i)/stp

tmi=t-tr

tmZ=alog{t tr}

tm3={ tx*Z-tr2) /2

tit=t*alog(t)-t-trf

hig=0.

do 129 i=1,n

ii=id(i)

128 hig=higtz (1 )* (A1 (i1 *tml+d2(ii)*tm2+d3(ii)xtm3+d4(ii)*tlt)

130

131

if{lev.1t.2igo to 150
iftkv.eq.1lgo to 140
hv=0.

do 1356 i=i.n
1i=¢(i-1)%3i,2

do 136 j=1.4

cmt=2.
if(j.eq.itemt=1,



135
133

140

141

143
145

150

161
155

1690

165

166
168
168

200

181

hv=hv+oemt¥z{ 1 )*2{J Y (b{li+j}-db{1i+3)})
hvzhig+ocj¥pirhy

h=hv

return

gd=C.

so=0}.

Bl1=0.

do 145 iz1,n

liz{i-1}*i/2
pozpo+zi(i)*(hb{li+id-db(li+i))

do 143 j=1,13

zij=zi(ij*zi(ji*c(li+j)
ad=sd+zij* (1. -dbd(li+j)/bd(1i+3))
glzgl+zij*¥(b(li+d)—db(1li+j))

continue

hv= higswnt¥(cjrp¥i{sotel j-r¥t¥ed)

h=hv

retiarn

tmr=t¥kwd

tme=2 . ¥ tEtny

hl=90.

do 165 i=1l.,n

1i=1d{1)
hl=hl+z{i¥*({-c2{ii}+ecd{ilVctmr+cd(ii}*t+oB{1i }¥%tma)
h=hig-r*hl

if{lev.eq.0)return

he=0.

he=Q0.

do 169 i=1.n

ii=id(i)

tmi=0.

tm2=0.

if{u{ii,ii).gt.1.E+19¥g0 to 166

do 165 j=1i.n

J3=1d(J)

tm3=tp(Jj)*tau{j,i)

tmiztml+tm3
tnZ=tmZ+tm3s{w{jj.iiy-2.#bust)
heshetqpl{ iiderz{ i ixtmz/tml

g0 to 189

do 188 j=1.n

Ji=id(d)

emi=tmi+th{j)*u{jj.ii)

he=he+z2{i)rtml

continue

h=h+r&¥{he+hc)

return

ere=%

h=0,

return

end

subroutine phis(n,id.key.y.t.p.phi.err)
real yi(20),8i(20),20(20),phi{20),.82(20)
integer id(Z0}.err,ere
common/virial kv, .b(210) . bd{( 210}, db(210).3bd(210) . bm
commonpe/phl{(20}. 21 (20} . c(210),vynt. . tl,pl



182

data r/83.1473/
100 " err=0

pri=p/lr¥t)

g0 to(110.101.120,101,101,101,101,120,110,101)}  key
101 if{abadit-t13.1t.0.02g0 to 103

go to 110

103 if{aka(pr-prl).1t.0.01)z20c to 10D
go to 110

106 if(key.eg.4.or.key.eq.7ireturn
g0 to 120

110 call bijs(n,id.key.t.erb)
ifferb.gt.1)igo to 200

120 ifi{kv.eq.l)go to Z00
bm=0.

130 do 139 i=1.n
aal{i)=0.
li=(1-iy*i /2
do 133 j=1.i

133 {1=4+1
if(il.gt.n)egoc to 1368
do 135 Jj=1ii.n
13=(j-1)%jr2d

136 gsi{il=sa(il+v{ii*b(1j+i}

136 bm=bm+y(il%ksa(i)

139 continue

140 do 149 i=1.n
phi{i)=exp{prt¥(Z.*za{i)-bm})
phl(i)=phi(i}

148 continue
tl=t
pi=p
return

200 ko=0
g0 to(203,201.,.201,201,.201,201.201,203,203,201) ,key

201 do 202 i=1.n
li=(i-1)#i/2

202 zi(i)=phl{i)*y{i)sexp{-prisb{li+i))
if{kev.eq.3)go to 208
ko=1

203 do 207 i=l.n
if{ko.eq.0zi{t)=yw(i}
1i=(i-1)*i/2
do 206 j=i.i
13=(3-1)%3j 2
a{li+d)=-3.%prixbd(li+) dxexp(prif{b(li+ij+b(1j+1)-(1li+i))}
if{c{li+j). 1t . 0. Ygo to 800
if{j.=q.i)go to 205
if(ko.eqgq.1l}go to 200
if(e(li+d).1le.0.5)g20 to 208
IE(w{d).-1t.y{i}ign to 204
zt=y(i}/{c{li+ji*y{(Ji+1.)
2i=y {3/ {c{li+jivat+l
if(zt.1t.zi(iY)zi(i)=zt
if{zj.lt.2i(3))=i{ji=23
go to 208

204 zj=y(i)/(c(li+dixy(i)+1.)




100

108
110

117
119

123

184

eonmon/pinsry /eta{ HO50 Y ,u{ 100, 100)

coumon/virial /kv ., B(210),bd(210}),db(210) ,dbJd (210, bm
comuon,be// {210y, £t2{210),8{210),5(210),h(210),=(210)
1,w{210), et {210

datdl . h2,h3/1.2818,.7243_.8,1 . T941E07 /ocnl.on?,.cnd,cnd 70 .94
1 .-1.47.-0.85.1.015/cpl, . cpl.cpd.epd/~0D.75,383..-2.1,.-2.1/
2 cal,caZ.chl.,.chl/—0.3.-0.05,1.99,0.2/cwl,ocw2, cw3/0.008026
S3,020886,-0.001366/ . cal.ckl.ckZ . cel,cel, celd.ced, cabs2 . 4507
4.0.7,0,.6,850, 300, ,4.27,42800 ., ,22400. /. 0c0l,0c02,c03/70.748,
5 0.81,0.4/,e3,0.33833333/

erb=0

g0 to (1089,200.200,200,200,200,200,200,109,200) , key
ky=0

do 119 i-1i.n

ii=1id(%)

I=(i+1Yy%i /2
w(li=owltrd{iil+tcwZsrd{ i1 )¥x24cwdbprd (1§ 1443

a{l)=(cal-w{ 1)} ¥*¥3ktolii) pc(il)

1if(s(1}.1t.0.)go to OO

ifi=(ii+1)®ii,2

at({li=zeta(iii)

if{et{l).ge.4.4890 kv=1

teg{l)ztel{iidx({col+coldw(l}-co3det{ 1) A2 . 4+20 %w(l)))

if(te{l}.1t.Q.)g20 to 800

1f(dm{ii}.1t.1 .48 g0 to 117

h(1}=16.+400 . *wi( 1}

tizh(1)Y /(th(l)-6.)

tZ2=3./{h{}1)-6.)

th=2 . 887-(1. 882%w(11/(0.03+w(1 1))

(1)=bdrdm{iit*xk4 (ta{li*as{1)ve2xte{ii}*tk)

1f{={1Y.1t.-1. g0 to 500

s{li=s{(1)*(1._ +t2%z (1))

ta{li=ta(l 1R (1. -tk (Li+tA(L1+1. ¥ k=( L} 4%2/2.}

gi 1 =b24dm{ 11 I%42 A ta{1¥*a(1})

continue

ifin.eq.1j)go to 130

do 129 i=2.n

iiz=id{i)

1i=(i+1y*xi/2

ii=i-1

do 128 j=1.,1i1

Ja=ia(d)

13=(3+1)%5./2

I=(i-1)%i/243

Wil ={w (1l 4+wi{ld 1) /2.

g(l)=sqrti{s{lii*as{lj))

ta(li=ckli*agri(tas{(li)*ta(lj)itck2//{1. . /ta(li)+1. ta(li)}

If(dm{iir.1t.1_E-181go to 123

if{dm{jj)-gt.1.E-18)g0 to 124

if{dm{1i).1t.2.5}g0 to 1Z4

E{l}=dmn{ 11428 (ta(ljikkl%a{l] ) ixxe3/(ta{l)*8(11i))

go to 126

if{dm{ij).1t.2.8)¥g6c to 124

s{1)=dm{JI)s#2e{ta{ 1ivk,2%a{1li) txxe3/{ta{13%8(15})

go to 125

z{1)¥=0.



125

126

127

129
130

134
135

137
135
200

(g i ]
Q
[wrd

204
205

185

go to 126

h{1)=16_+400 *w{1l)
ti=h({(L}/(h{l)~-6.}

t2=3./(h{l)-6.)
s{(lizs(1y*{1.-t2%=(1))
te{lizte{l)*{l_ +t1%2({1})
g{lizhZ¥dmi{iiy*dm{jji {tel(l)ka{l})
13=(ii-13y*i1 /2433
if(jj.gt.iiyij={(3i~1r*33 2+11
if(abe(eta{id)).1t.1.E-19)go to 127
et{li=eta(id)
ifiet(l}.ge.4.4999 ) )kv=1

g0 to 128

et {11=0.
if(sbeiet{li)-et{lj)}.1t. 1 . E-18)et{li=et{li)
continue

do 138 i=1.n

do 138 j=1.,4

1={i-1)*%4i/0+3

a{1)1=blxs(1l}

h{l)=chl+chZd*ag () )2
Z{l)=calt+cal¥g(l}
if(g(l).1t. 0. Cdyge to 135
if{g{l).ge.0.28)g0c to 134

g{1)=0.

g0 to 135

g(l¥=g(1)-0.25

if{et(l).ge.4.5¥g0 to 137
if(et(1).1t.1 . E-19)go to 139
e(liz=cel {te(ll+cell-ced

g0 to 139

e{li=ced s {tal(l)+cebH)-ced

continue

do 208 i=1l.n

do 209 j=1.1

I=(i-1)y%i/2+j3

ta=t/ta{l)

t1=1./7{1./ta-1.6%w(l})}

tZ2=ti1xtil

t3=t2%tl

bn=enl+onZ Al4+on3At2+ond /3
if{g(l). gt 1.E-19)go to 2031

bp=0.

go to 202
bp=({cpli+opl/tit+op3 tl+cpd /3 )kg(l)
b{1)=a8(1)Yx{bn+bp)
bn=z(lY¥exp{h{l})/ta)
if(et(l).1t.1.E-1%)go to Z04
bp=expl{et{li*e{l))—exp{et{1)}*{(1B500./t+e{l)))
go to 205 :
bp=0.

bd{1)¥=e{1 )% (bn+bp)}
if{key.gt.1.and.key.le.5)go to 208
dbn=-cnZ-2.%cn3,t1-3 . fend t2
dbp=(-cpZ-2.#%cpd t1-3%cpd /£2¥%g({1l}
db(1li=a(li*{dbn+tdbp}i ta



208
207

208
208

800

902

100
101

102
110

120
130
140

149

Q00
85
806

100

101

186

dbn=-h(1l)*ba,/ta

iflet{(1).1t.1.E-19)go to 2086
dbp=1800_%et {1 *exp{et{ LI { 1500 /t+e(li i)/t

go to 207

dbp=0.

dbd( )= L¥¥{ dbn+dbp )

1fi{kv.eq.0)db( 1 )=db{1)+dbd( 1)}

if{kv.eq.0ib{Lli=b{1l)+bd(})

continue

return

erb=2

nl=(n+1)¥n/2

de 902 1=1,nl

bh(l)=0.

bd(1)=0.

return

end

subroutine valiki(n.id.kev.x,v.t.p.k.err}

real x(nY.¥y{n).kin),phi(20),gam(20) x£(20),v£{20)

integer id(n).err.er.erg.idf{Z20)

common/val SFip(20)

err=0

do 102 i=1.n

®E(CLY=x(1)

yE{i)=y(1)

idf(i)=id(i?

call phia(n.idf . key.vf.t.p.phi,.er)

if{er.gt. 1)go to QOO

g0 £o(l120,120,130,120,120,120,120,120,120,120) ,key
call purfin.idf.t.p.fip)

call gammai{n,idf.keyv.xf.t.gam.erg)

do 149 i=1.n

k{i)=gam{ 1 ¥*fip{1}/(phi(i}*p}

if(k(i).le.0. . 0r.E{(i1).gt.1.E19)z0 to 800

continue

err=crg

return

err-er

do 808 i=1l.n

k(i)=0.

return

end

subroutine purfin,id.t.p.fip)

real fip{20),fo(20}.vip(20)

integer i1d(20)

common,/pure, /ami( 100}, nmZ2 ( 100)Y, nm3{ 100}, e (100}, pe(100) , rd{
1166),dm(100),a(100),c1(100) . c2{100),c3(1C0Y . c4( 100}, b (100)
2,ru(100),qu(i00) .. gqp(100).d1(100).,.42(100),d3(100),44(100)
datia,.ca.cb,cc,e /83, 1473.1.60,.0.655,0.00693026,0.28571428/
rtor¥t

at=alog(t)

t2=t*t

do 109 i=1l.n

ii=id(i)
fo(il=exp{cl(ii)+cB(ii)/t+o3(il)xt+cd(it)*at+cb(11i)%t2)
tr=t /bt (il



1056
107
1G9
110

119

100

101
109

229

230

187

if(tr.gt. 0.5 go to 105

tau=Ll.+{1.-tr)k¥e

go to 107

tau=ceatcc/{tr-cb)
vip{iy=r*to{iiiva{ii)¥etau/pe{ii)

continue

do 119 i=1.n

fip(iY=Tol{iYtexp{vip(i)¥p/rt)

continue

retarn

end

subroutine budet{type.n,id, kev.x.v.t.p.k.err)
real xin),.y(n).kin).cn{20)

integer id(n},ty¥vpe.err.er

data eps/C.001s

ery=0

if{p.1t.1.E-6.0r.p.gt.100 . Yg0 to 803

kee=key

s8=0,

ga=0.

do 109 i=1i.n

s=g+x{i}
ag=se+y{1i)
if{type.eq.
if(type.eq.
if(type.eq.
if({type.eq.
go to 120
do 1156 i=1.n

yii)=x(1i)

go to 120

do 112 i=1.n

x(i)=y(i)

it=0

iIf(e.16.200. .or.t.gt.600.¢=400,
it=it+1

if{it.gt.10¥go to BOL

call valikin,id.kee,.x,yv,.t.p.k.er}
if{er.gt.1l}ge to 900

8=0.

do 229 i=1.n

ifitype.eq.2igo to 2256
cn{il=k(i)¥x(i)

go to 229

cn(i)=y(i)y/k{i)

a=g+cnli)

fo=alogie)

if(abe(fo}).le.ep8l}go to 2890

call valikin.id,. 4,.x,¥v.t+1..p.k.er)
if{er.gt.1)go to 200

sa=0.

if{tyre.eq.2)go to 235

do 234 i=1,n

viil=en{id)/e

se=ss+k{1i)¥%x(i)

go to 240

.and.abs{s-1.).gt.0.01)g0e to 803
.and.abs{ss-1.).gt.0.011g0o to 903
Land.absi(es-1.).gt.0.01¥g0 to 114
.and.abs{e~1.).gt.0.01)go to 118

B e 12



236

239
240

&
o
o

290

285
299

199
00
801

803
905

100
110
111

118
120

121

188

do 239 izi.n

x(i)=en(i)/®

ss—as+y{ i)/ k(i)

fil=xmlogiss)
t=(fl-fo)*t A fl-t*xfo/(t+1.})}
1if(t.gt.700. do to 200
if{t.gt. .00 Ygo to 245
ifter.t . Qlge to 901

g0 to 900

kee=2

tfi{type.eq. likee=5

go to 210

do 299 i=1l.n

if(type.eq.2)go to 295
viij=cal(il)y/ /s

g0 to 299

x{i)l=en(i)/e

continoe

if{t.gt. 6800 )gn to 903
if{t.gt.200. )ego to 199
ifler.lt.0)go to BO1

g0 to 2803
if{isbel{er).eq.l)err=1
return

err=2

@0 to 805

err=-5

g0 to B0E

err=5

=0,

return

end

subroutine gamma(n.id.key.x.t,.gam.erg)
real x(20),gam{20).pt(20).pta(20)
integer id{20},erg
common,/oure /nml( 100) . nm2 (100 . nm3( 100} ,te (100}, poe (100 ) . rd(

1100),dm(100),a{100},c1(100),c2(100),c3(100),c4(100),¢H(100)
1,p2(100),qu(300) . qp(100},d1(100)},d2(100),d43(100),34(100)

common/binary/eta{ 5050 ,u{100,100)

common, /g8 1er. . rl{20) . th{Z0},.tp(20),2c1{20) , tau{20,.20)
data z/10_7/

g0 to(ll0, 120, 120,.130,130,120,130,120,110.,120), key
erg=0_0

do 119 i=1.n

li=idd{ iy

rli{i}z=zx{ru(it)-qu(ii} )} 2.-ruiii)+1.

ap=1.E-30

st=1_.E-30

stp=1.E-30

s8=0.

sl=0.

do 125 i=1.,n

1i=1d(1iy

thi{i)=x(iltkau{ii

tpl{i)=x{i)¥ap{ii)

sp=ep+x{i)*rui{ii)



125
126

127

128
129

130
140
141
142

143
145

149
160

155

1586
158
159

100
110

189

st=st+th(i)

stp=etp+tpl(i)
if(u(ii,ii).gt.1.E+19)go to 125
se=se+x(i)

el=sl+x(i)*rl(i)

continue

do 129 i=1.n

ii=id(i)

th(i)=th(i)/st

tp(ii=tp(i)/stp
if(u(ii,ii).gt.1.E+19)go to 128
gel(i)=rl(i)-rulii)*sl/sp+talog(rul(ii)¥es/ep)+z¥qu(ii)¥

1 alog(gu(iij*ep/(rulii)*et))/2

1

go to 129

gel(i)=0.

continue

if(kev.eq.3)go to 140

call tave(n,id,t,tau,ier)

do 141 i=1,n

pte(i)=0.

do 149 i=1l.n

pt(i)=1.E-30

do 143 ji=1l,n

pt(i)=pt(i)+tp(jli¥tau(j,i)

do 145 j=1,n

pte(ji=pte(j)+tp(il*tau(j,i)/pt(i)

cont inue

do 159 i=1.n

ii=id(i)

if(u(ii,ii).gt.1.E+19)go to 1855

gri=gp(ii)*(1l.-alog(pt(i))-pte(i))

go to 188

grli=0.

do 166 j=1,n

di=id(Jj)

grl=grl+th(ji*(u(ii,jj)+u(ii.ii)/t)

gam(i)=exp(gcl{ij+grl)

continmae

if(iabe(ier).eq.l)erg=1

return

end

subroutine taue(n.id,t,tau,ier)

real tau(20,20)

integer id(20)

common/binary/eta(5050),u(100,100)

ier=0

do 119 i=1,n

ii=id(i)

if(u(ii,iid.gt.1.E+19)ier=isign(ier**x2-2_.-1)

do 119 j=1,n

if(j.eq.i)go to 115

Ji=1id(j)

if(u(ii,ii).gt.1.E+19.and.u(jj,.jj).et.1.E+19)go to
115

if(abs(u(ii,jj)).1lt.1.E-19)go to 112

if((u(ii,ii)+u(ijj,.ji)).gt.1.E+19)go to 115



112
115
119

100

01

109

110

119

130
139
900

190

tau{i,jl)=exp(-u(ii,jj)/t)

go to 118

ier=igipgn(i.ier)

tau{i,ji=1

continue

return

end

gubroutine parin{(m,erin)

integer &rin

commnon/pore /anl { 100 . nm2( 1003 . em3{ 100 . te(100) , po(100) , rd(

1100).dm(100),a(100},c1(100),c2(104),c3(100) ,c4(100),cbH(100)
Z.ru(100) ,au(100),qp(100},d1 (100} .d2(100},d3{100} . d4(100)

common/binary//eta{b0b0) . u(100,100)
comnon/addpswal 100) . 2¢{(100) ,ve (100)
erin=0

ifim.gt.100)go to E0O0

do 109 i=1l.m
read{(*.0133. . nml (3. nmZ2{(iY.nm3{(3)
read(#*. . *1j.te(J).pe(d).a(d),rd(J). dm(d).vulj),
lquidy,ap(d} _
if{j.ne.iYgo to 8OO
format{i3,A4.A4.A4)
read(*,*}13,c1(F}.c2(3),e3(J),c4(3).cB(i}
if{j.ne.iYgo to QOO
read{#.%33.d1(3}.d2(3},.d3(J3).dd{d).wa(j},zc{),ve(J)
if{j.ne.ilgo to QDO

aontinue

read{* ¥} 3

if(j.ne.0)go to 900

do 119 i=1.m

1i=(i-13y%i /241

12={i-11%i/2+1

read{* . x¥{etal{id).1j=11,42)
continue

read{¥ K)e

if{abs(e).gt.1_E-19Ygc to 900

do 121 i=1.m

do 121 j=1.m

u{i.ji)=0.

read(¥,*¥)i . j.uij,ujil

if(i.eq.0)go to 130

U(iad):uij

ulj,.iyry=uji

go to 125

do 139 i=1.m
if(a(i1).1t. 1. E-18) (i, i)=1_E+20
continue

return

erin=5h

return

and

gubroutine vap{(t.tec.pc.th,p)
pe=pes1.01325

tr=t/tc

tbr=th/tc

r=1.987
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230

191

hvb=r¥toedthr*( (O_4343%alog{pc}-0 . B8859+0 _839534%thr )/

1 (Q.37691-0.373068%Lthbr+(. 14878%pewr{ -1, Yhethrak{(-2_.)))

a=hvb/{r¥to*( (1. -thr)}*¥). . 375))

h=thr¥mlogi{po) /(1. -thbre)

dv=5_26891+2.Q0753%a-3.1738%h
el={thrvedv-1.}/dv+0.040%{ 1, /tbr-1.)

er=alog(l. /poi-ak({1.14893-1_/thr-0.11719%tbr-0.03174%

1 thr#*2 -Q_.375%alog{thr))

alphac={er/el+(, 46284%4) /1,042
elt=(1.042%slphac—0.46284%a Yk { {trekdv—1. ) /chw+0., 040

1 (Y1)
ert=g¥%(1.14893-1_/tr-Q.11719%tr-0_Q31744¢pax2-0, 375%

1 alog(tr))

p=poXexpl{elttert)

p=p4l.01325

return

end

subroutine rho(t,ice.nvt.pl.pZ.pvp.pe.te.zc.mw.ve.wa . rhd)
real mwi{3)

dimension a(3},b{3).c{3),d(3).e(3}.f{3).vr(3.3),vc(3),

1 2c{3}.po(3).wa{3).tc{3}).tr(3).rhi{3).rhs{3).en(3)

data a{l1),8{(2).a{3)/0.11817.0.88465.-0.55314/.b(1),

1 B{2). b(3) N 000813, -1.60378,-D.18703/,c(1),cl(2),.c(3)/
221091 .1.82484 ,~-1.01801,-,.d0(1),d(2) .33y -0_06922,-0.81432
3 .0.34095/7.,e(1),e(2),e(3)/0.07480,-0_34546,0.468795,7,£{(1),
4 F(2)y.£(3)/-0.084475, 0.087037,.-0.2389838/

pl=pl1,/1.01325

PE=p2s1.01325

pvp=pve/1 . 01325

do 10 j=1.3

do 10 i=1.3

pe{i)=pc(i)/1.01325

tr{i}=t/ste(i)

ve(d,id=a(d)+o (3 ¥ktr(id+c (I e (i Y244 (J)rtr {1 y%¥3+e(3)
1/cr(iy+£(Jyxalogil.—tr(i))

cont inue

p={pl+pl} /2

do 3¢ j=1.3
rhe(Jd)={{ve(dimw{d ) *{vr(l,ji+wa{iisve(2,J)+{wa(]J K2}
Ixvp (3,31} )%%k(-1.)
en{J)=(1.0-0.89%wa(l)ikexp(6.9547-76.2853%tr{j1+191 3080
1AL { JI%x2)=203 . B472%(tr{J 1xx3}+82 . TEALX{ tr(J 1xkd})
rh{Jj)=rha{ )+ (1. +{9.¥zc(J*en(Jr¥{p-pvp}}/pc{J) *4%0_11111
continue :
if(nvt.eq.l)rhd=rh{(1l)

if(nvt.eq.2)rhd=rh(2)

ifinvt._eg.3irhd=rh{3)

return

end
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Introduction

Pratt {1987] classified separation processes into two broad
groupe,.vig: "Mechanical Separation FProcesses"” and "Molecular
Separation Processes”. The processes in the latter group are
those used for sgeparating homogenous mixtures into their
conatituent compounds. They are eguilibrium .semi-equilibrium or
non-equilibrium processes.

More energy degradation occur in the non-eduilibrium
procegses and ec they are uased only for mixmtures which are very
difficult or impossible to separate by equilibrium or semi-
equilibrivm processee. Equilibrium {or semi~equilibrium)
proceasesa are therefore to be preferred for the separation of
common mixtures in order to prevent as much energy degradation
as poesible in the process. In these preferred groupe are
distillation., chemical exchange., extractive, aszectropic and
molecular distillations., gas centrifuge,absorption,stripping,
adsopption and ligquid-liquid extraction.

In the processes such as liguid-ligquid extraction,
atripping and absoprption additional materials have to be
introduced into the mixture to effect gseparation into pure
constituents. This extra component is called the mass separation
agent and ite functicon in these processes ig similar to that of
heat (energy) in the evaporationsdistillation processes. Since
mages eeparating agente are used in these processea  secondary
separation would be reguired to recover the separating agent and

the solute.
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Stripping Pracesces

The stripping separation process involves the desorption of
the solute from ite soluticon by changes in the physical and/or
chemicnal conditicona of the solution to be separated into its
congtituents and subsequent sweeping off of the desorbed solute
by the stripping gasi{es}. The solute is theresfter recovered
from the mass separating agent (stripping gas}).

The phyeical conditions that may be changed to effect
aaparation include temperature, pressure and pH of the solution.
Thiz change in condition leads to change in the vapour-liguid
equilibrium of the syvatem. The solute component present in the
vapour phasge is removed from the vapour rhase of the solution by
etripring gas(es} that has/have affinity for the sclute but
little or no affinity for the wvapour of the remaining
congtituents of the solution.

For instance, ammonia can be stripred from agueous ammonia
solution using any of the inert gases such as hydrogen. nitrogen
and air thaet practically have no affinity for water or its vapour
[Perrv and Green, 1984]1. The etrippring gas{es) bhubble(s) through
the solution and sweep{a) off ammonia wvapour preaent in the
vapour phage to leaves behind excess water vapour. This leads
to the desorption of more ammonia in order to reestablish the
vapour-liquid-equilibrium of the esygtem, and the process
continues for as long as the column configuration allows or until
virtually all ammonia in the s2solution is desorbed. A good
example of the application of stripping process is the removal

of ammonia from waste—water.

-
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Adporvtion Procees

Adsorption proceass achieves separation of a mixture through
the preferential removal of cone of the components of the mixturse
hy the adsorbent. Activated charcoal and maeny molecular aieves
have been used to remove ammonia from agquecus ammonia solution
{Breck,1874). The process is however net strictly isothermal.
Secondary separation called regeneration is necessary to recover
the adsorbent and the adsorbed solute. If thermal regeneration
of the adsorbent is emploved the process becomes nopn-isothermal
Wet regeneration on the other hand reaquires additional separation
step to recover the adsorbent and the solute of the original

mixture.

Liauid-Liauid Extraction Process

Ligquid-liguid extraction seraration depends on the non-
ideal distribution behaviour of the components in the two
immiscible liguid phases formed after the extracting solvent and
the mixture to be separated have been shalken together and allowed
to eauilibrate. In a ternary system. for example, the axtracting
solvent muet have high a2electivity for one of the raffinate
mixture ' a constituents and at the same time the second component
must have high activity coefficient in the solvent (so as to ke
excluded from the solvent) for good separation to be achieved.

In selecting solvents for extraction separation process.the
concept of sclubility parameter fHelpinatill and van Winkle, 1968;
Hildebrand,1948;: Hanson,1971], selectivity and capacity [{Deal and
Derr.1964; Plerotti et al..18581 and consolute solution

temperature—-CST- [Francis,1969] could be emploved.
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Sclubility parameter and selectivity (eeparation factor) are

regpectively defined as:

abv.os  aH-RT o8
a - —— - e — nuueouuuqumnsuuquaual“uF-l
( V) ( v )

L
T,

F2

where:

8 ie the sclubilityvy parameter,

AR ig the energy of vaporisation,

V ie the melar volume,

a is the separation factor,

x: and xz are the mole fractiones of the feed solvent and the

solute respectively,

Y1 and y=z are the activity coefficlients of the feed solvent and

the solute respectively,

S and £ represent the raffinste and extract phase reppectively.
Ammonia and water are wmiscible in 31l proportions largely

because of the high degres of sigmilsrity of the intermolecular

forces and molar volumes of the two compounds as well as the

existence of hydrogen bond between the moleculee of the two

compoundes . This high degree of mutusl sclubility makes the

separation of the wixture eseemingly impesesible. However., the

greater dispersion forces in ammonia molecules render covalent

compounds guch as organic scolvents more aoluble in ammonia while

the grester effect of polar forces wmakes electrolytes more

soluble in water (Hicheolle, 1979: Lagowski, 18871. Thus
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