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ABSTRACT: A 10-staged conventional binary distillation (using ethanol/water system) operation was
analyzed with thermodynamic principles in this work. Use was made of the temperature, composition and
enthalpy profiles obtained from the converged simulation of distillation operations obtained from the Aspen
Plus and Aspen Hysys simulators.Since all processes in nature are essentially composites of steps of
transformation of energy from one form to another, an extension of the application of the simple heat pump/heat
engine analysis to the analysis of distillation operation was also investigated. Whereas a distillation column is a
heat engine on a global and stand-alone basis, the plate-to-plate distillation operation was seen to be akin to the
operation of a reverse absorption heat pump. A similar Chebyshev X,Y Rational Order 5/6 model equation was
found to represent the two operations very well, with residual errors ranging between +1.5% for the absorption
heat pump operation model and £3.5% for the distillation operation model using the binary ethanol/water
system.
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l. INTRODUCTION

Distillation process has over the years been depicted of being energy intensive (US DOE, 1984, Ognisty, 1995),
with the ‘energy consuming component’ locked in a ‘black box’! In the meantime,an endless quest towards improving the
economics of the process continued due to the enormous amount of energy utilization and significant capital outlay it
requires. Various options are currently being explored in the quest towards energy conservation and recovery (Demirel
2004,2006; Pinto et.al 2011). Optimization techniques, like pinch and exergy analyses have been developed by several
researchers (Dhole and Linnhoff, 1993; Rashad and El Maihy, 2009; Yuelong et.al 2010; Vuckovic et.al, 2012) to tackle this
high energy utilization problem, but still the thermal efficiencies of stand-alone distillation columns (DCs) are found to be
low (Cengel and Boles, 2007).However, the overall operation of a DC succinctly represents that of a heat engine (Ognisty,
1995)- work (High Grade Energy — HGE) generating - and the concurrent plate to plate operation of the DC could be
likened to the operation of an absorption heat pump — HGE consuming. Meanwhile, heat pumps and heat engines are easily
amenable to thermodynamic analyses (Adefila, 1983). Thus the ‘black box’ of the distillation process, which apparently lies
in its HGE generation cum consumption should be subjectable to identical easy analyses as these two common systems,
towards the resolution of their inherent resistivities. The results of these analyses should be applicable to both, enabling
distillation systems easier to design and making the operation better manageable for improved thermal efficiency. Earlier
conceptual analyses on thermal systems (Dhole and Linnhoff, 1993) produced paradigm shifting impact. Therefore, in this
work, attempts were made to establish analogies between critical units in distillation column and the heat engine/heat pump
systems. This was aimed at obtaining a more informed understanding of energy transformations in distillation process.

1. BACKGROUND

Heat pump refers to a device which raises the quality (potential) of heat energy from a low temperature
level to heat energy at a higher temperature level, using a relatively small quantity of HGE.Olawale and Adefila
(2011, 2012)developedsimplifiedgeneralized performance equations for vapour compression heat pumps
analysis. The models proved to be very useful in the simplified analysis of heat pump systems. Earlier, Holland
et al (1981) presented extensive literature of various energy cycles within the heat pump system, while Adefila
(1983) and Bugaje (1987) discussed a very detailed classification of heat pumps and their corresponding
analysis. In absorption heat pumps (AHP), Figure 1, an expansion valve is used for the expansion from
condensing to evaporating pressure. However, the compression process, and thus the addition of primary
energy, is achieved by a thermodynamic system without a mechanical compressor.The drive of the AHP
consists of a circuit in which the working fluid is absorbed by an absorbent at a lower pressure and is separated
again from it by adding heat at a higher pressure and returns into the normal heat pump cycle. The only
mechanical driven component in the circuit is the solution pump.
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Figure 1. A Conventional Absorption Heat Pump

After evaporation, the working fluid is absorbed by the absorbent in the absorberaccompanied by a rejection of
heat Qag to the surroundings. In this mixture, the evaporator pressure becomes the partial pressure of the
working fluid. The enriched solution is compressed to the pressure in the generator by a pump and heated to a
temperature Tge. At the higher temperature, the solubility of the working fluid in the absorbent is appreciably
smaller, and the heat received Qgeresults in the removal of the vapour (working fluid) from solution. The
working fluid, now separated from the solution, passes to the condenser. The depleted solution is expanded to
the pressure of the absorber by an expansion valve and can now again absorb working fluid.

The Coefficient of Performance (COP) for the conventional absorption heat pump, depending on the targeted
effect, can be written as:

(COP )ppin = % for heating 1
GE
and (COP )pcLa = (8—5’) for cooling 2
GE

Comparison of the actual COP can be made with the theoretical Carnot efficiency. Figure 2 is a schematic of a
Carnot absorption heat pump viewed as composing of a Carnot heat engine, on the right hand side, and a
reversed Carnot heat engine (Carnot heat pump) on the left hand side.
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Figure 2: Carnot Absorption Cycle Principle
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According to the cycle, the minimum amount of work W, required to operate a heat pump for cooling, at an
absolute temperature of Tgy, when ambient temperature is T¢g iS

T -T
_| _CO EV 3
W= {—T } Qev
EV
Likewise, the minimum quantity of heat energy required to contain an amount of work W, in a Carnot heat
engine is,
T
GE 4
Q. =|—2E—|W
GE {TGE ~TaB }

Consequently, the quantity of heat at the high temperature Tge required to effect a cooling capacity of Qgy is
obtained by combining Equations 3 and 4 to give,

o z{ TGE } {Tco _TEV}QEV 5
CE | Tee ~Tas Tev
Thus, with reference to Equation 5, the COP for the heating mode is given as,
T T -T
(COP)AH _ TEV {TGE TAB } +1 6
GE|[ CO 'EV

Adefila (1983) derived a pseudo-ideal model for calculating the maximum obtainable COP for the heating mode
of a high temperature CAHP system. The (COP)anmo is equivalent to Rankine (COP) in vapour compression
heat pump systems, and the mathematical relation between (COP)anmo and the absorbent and working fluid in
the system found through mass and energy balancesas shown in Figure 3 is given as

H,—H +(FR)H- —Hg J+H, —H
(COP)arvo =~ (FFZ)(H( ):47) H8) T !
5-10/711 75
where, ) -Xwk  Xge 8

XwhoXwk  Xae—Xag
where Xag, Xgg are weight percent of solute in solution in the absorber and generator respectively and

Xw is fractional weight of working fluid in solution.
The application of the phase rule shows that

(COP)anmo = (COP)armo ((FR), Tco) 9
However, the ‘thermodynamic compressor’ is composite. This is partially elucidated by Equation 8 which
shows (FR) to be a function of the absolute concentration of the working fluid mixture in the generator and
absorber, and the concentration width. In fact, a more useful form of this Equation is

(FR) = (FR) (Te, Pco/Pev) 10
Or (FR) = (FR) (Tas, Pev, Pco/Pev) 11
These expanded equations present very useful basic parameters for the design, evaluation or control of the
absorption heat pump system.

1. METHODOLOGY

2.1 Analysis by Analogy

A cursory look at the plate-to-plate operation of the distillation process and that of the conventional
absorption heat pump was critically considered via analysis by analogy to establish the similarities of operations
between the two systems. The simultaneous vapourization and condensation processes of the plate-to-plate
distillation  operation = was theoretically = compared with the  vapourization/absorption  and
evaporation/condensation processes of the conventional absorption heat pump using the description of the
processes shown in Figures 3 and 4.In the conventional absorption heat pump, the absorber/evaporator units are
at the same pressure, likewise the condenser/generator combination, though at relatively higher pressure. Thus
the generator and the absorber are at different pressure levels; this pressure difference is equilibrated by the
presence of the solution pump and the expansion valve which are fixed between the absorber and the generator.
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Fgure 3: Conventional Absorption Heat Pump
Performance evaluation and modelling of a conventional absorption heat pump and distillation

operation.

Wapour
Stream

Fioure 4:Plate-to-Plate Diztillation Overation

The process flow diagram (PFD) of a conventional absorption heat pump (CAHP) system was set-up as
shown in Figure 3 using the Aspen Hysys process simulator. In Figure 5, the absorber of a practical CAHP was
conceived to be a combination of a mixer and a cooler. This is so because in the absorber of a practical CAHP,
both mixing and condensation processes occur, hence the display of absorber mixer and absorber cooler.
Similarly, the generator of a practical CAHP also has both heating and rectification processes occurring within
it. This PFD was then used to generate process data for the streams shown in the PFD, which was used to
calculate the enthalpies of all the streams in the cycle.
Assumptions made in the simulation were:-
The Stream no. 2 leaving the rectifier into the condenser was taken to be superheated vapour which
possesses high grade energy for delivery in the condenser.
The Stream no. 5 leaving the evaporator into the absorber was taken to be saturated vapour. This represents
the pseudo-ideal condition for the exit stream from the evaporator.

The simulation runs were limited to a composition range of the working fluid/absorbent (ethanol/water) pair
of 0.5 and 0.75 and a temperature range of between 60° and 80°C. At mixture composition and temperature
higher than these, separation would not be effective since ethanol/water mixture forms azeotrope at

temperatures above 80°C.
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Figure 5: Schematic of a Conventional Absorption Heat Pump
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e The Stream no. 3 leaving the condenser into the expander was taken to be saturated liquid.

e The temperature and pressure conditions in the condenser and the evaporator were taken to be constant;
hence phase changes from vapour to liquid and from liquid to saturated vapour take place in these units
respectively.

e Vapour inlet to the solution pump was avoided.

e The pressure in the generator and the condenser were taken to be the same. Likewise, the pressure in the
absorber and the evaporator were the same.

The calculated mass enthalpies were then used to determine the maximum obtainable coefficient of performance
(COPapmo) of the system for each runs of the simulated process using the expression of Equations7 and 8,
modified as in Equations 12 and 13 respectively. r :
He-Hyo+ (FRI[Hs-Ho )+ Hy-Hy
(COP) a0 ™ (FRD (Hyo-Hyl+ Hy-Hyg
where (FR)= —— vl _ Xz 13
:H'\;‘jg— :H'\;‘:"_E. Hprt Eag
where Xag, Xgg are weight percent of solute in solution in the absorber and generator respectively and
Xw is fractional weight of working fluid in solution. FR is the fluid ratio.
Aspen-Hysys simulator was also used to simulate a distillation operation for ethanol -water binary system in
order to generate data for modelling the distillation operation. The conditions used for the simulation of the
distillation operation are as given in Table 2. Several simulation runs were undertaken varying the feed
composition from 0.1 to 0.9 ethanol mole fraction. The data generated were used to develop a model which was
comparedwith that for the CAHP for its easy extension for the analysis of distillation operation. The effect of the
feed stream temperature on the COP equivalent of the distillation column were also estimated from the data
based on the comparison between the distillation operation and the conventional absorption heat pump system.

12

Table 2: Distillation Operating Conditions

S/No. Parameters Simulation Value
1 Number of Stages 10

2 Feed Rate, litre/s 9.5 x 107
3 Feed Rate, mol/s 0.04161
4 Feed Pressure, 10° Pa 1.01325
5 Feed Temperature, K 302.45

6 Feed Stage 5

7 Condenser Pressure, 10° Pa 1.0111

8 Pressure Drop, Stage 2-10, Pa 980

9 Distillate Rate, mol/s 0.00205
10 Reflux Ratio 5

11 Feed Mole Fraction 0.1

12 Condenser Type Total

V. RESULTS AND DISCUSSION

3.1 Analysis by Analogy

The theory of absorption heat pumps is based on thermodynamics of solution; likewise that of
distillation. In binary mixtures, each condition of state is determined by three parameters: pressure (P),
temperature (T) and solution concentration (Xy) in weight fraction of working fluid. A deeper examination of
the various operations within the units that constitute the absorption heat pump (i.e the vapourization/absorption
processes of the ‘thermodynamic solution circuit’ of the generator/absorber unit, and the
evaporation/condensation processes of the ‘vapour flow’ of the evaporator/condenser unit) is very much akin to
the simultaneous vapourization/condensation processes of the plate-to-plate distillation operations. Table 3
illustrates the comparative description of the components and processes between the two systems.The
vapourization process (in the generator) and the condensation process (in the absorber) of the thermodynamic
solution circuit in the CAHP system (shown in the envelope of Figure 3) actually mimic the simultaneous
vapourization and condensation processes of the plate-to-plate operation in a distillation column. Whereas the
evaporation and condensation processes of the evaporator and the condenser of the CAHP are subsumed in the
upper plate vapourization and condensation processes of the distillation operation.Table 3: Comparative
Description of the Components and Processes of the Conventional Absorption Heat Pump and the Plate
Distillation Operation
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S/IN | Unit\System | Absorption Heat Pump Distillation Operation
1 Generator Vapourization process takes place in | The reboiler of the distillation column is
the generator in an absorption heat | akin to the generator. On a plate-to-plate
pump system. The rich solution (10) | consideration, the lower plate serves as the
rising from the absorber through the | generator, because it is present at a higher
solution pump and the economizer is | energy value due to the high grade energy,
heated by the high grade energy Qce | QuapL Vapour entering the plate from the
supplied to the generator. The more | reboiler. The more volatile component of
volatile component (1) of the rich | the liquid mixture (10) flowing down the
solution is vapourized leaving a lean | downcomer of the column is vapourized by
solution (5) which is returned back to | the high grade energy vapour. The
the absorber via an expander for | vapourized component (1) then rises up the
another vapour intake. column to increase the composition of the
more volatile component on the upper
plate, and also provide the work energy
needed for the component separation on
that plate
2 Absorber Condensation process takes place in | A lean solution (5) on the plate flows to the
the absorber. The lean solution (5) | downcomer (7) where it then flows
flows from the generator through the | downward to a lower plate for vapour
economizer (6) and the expander (7) | intake. This lean solution mixes with the
takes up the wvapour from the | vapour rising from a lower plate causing
evaporator (4) thereby producing a | condensation of that vapour stream, thereby
rich solution (8) that is pumped to the | releasing the heat of mixing, QoL
generator via the economizer. The | The condensing and evaporating processes
condensation process releases the | are both subsumed in the upper plates of
heat of condensation and mixing | the distillation column. The upper plate of
Qas- This heat of mixing is often | an equilibrium staged-column serves as the
reflected in the temperature value of | condenser in that it receives the vapour
the exiting rich solution (8) as | coming from the reboiler (i.e. lower plate
determined by the Cp values of the | in this case). As the vapour enters the plate,
mixing streams it mixes with the liquid on that plate and
3 Condenser The vapour from the generator (1) is | condenses by losing heat Q which is used
condensed. The high grade energy | to perform the work of separation on that
Qco from this condensation process | plate. Since there is  simultaneous
could be used to heat up process | condensation and vapourization on the
stream, which is a type of fluid work | plate.
done. The low grade vapour (2) | Likewise, the evaporator is also subsumed
emanating from the unit is then | in the upper plate, probably in the
expanded and flows to the evaporator | vapourization unit of the upper plate. Here,
4 Evaporator | The low pressure, low grade heat | Quiu, a lower grade energy compared to
vapour stream (3) flows into the | QcoLL, is supplied by the lean solution
evaporator, where it absorbs low | flowing into that plate from an upper plate.
grade energy QEV that slightly raises | This energy is used to vapourize some of
its energy to a condition for the | the more volatile component on the plate,
absorber intake of the vapour (4). which does increase the purity of the
vapour component.

It follows therefore, that compared to the CAHP system the distillation operation would be expected to give a
higher efficiency in terms of energy utilization. This is due to the absence of the hardware components of the
condenser, the solution pump, the economizer and the evaporator, which on their own introduce additional
irreversibility to the entire process.The low pressure liquid stream flowing downwards from an upper plate
possesses kinetic energy and hydrostatic head with which it upgrades its low pressure to that of the incoming
high pressure vapour stream flowing upward from the plate beneath. With the pressure balance on the plate,
proper mixing of the vapour and liquid streams is achieved. Concurrently, the effective collapse of the vapour
droplets into liquid during condensation and the sudden volume expansion due to vapourization of liquid
molecule, like the ‘tsunami effect’, also contribute to make the mixing very effective. This effective mixing
therefore brings the liquid and vapour streams on the plate into intimate contact creating opportunity for mass
and energy transfer as a result of the concentration and energy gradients between the mixing streams. During
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mixing both heat of mixing and heat of condensation, a type of Qg and Q¢o are generated, which are probably
used to vapourize the most volatile component (MVC) of the liquid stream. The vapourization of the MVC from
the liquid stream brings about separation on that plate. This operation continues up the column, giving rise to a
vapour stream that gets richer in the MVC, while the liquid flowing downwards gets leaner in the MVC.

From the foregoing therefore, the processes of vapourization and absorption in the CAHP system are
comparable to the plate-to-plate operation of the distillation process; the already developed and established
models of the CAHP system can therefore be extendedto analyze the performance of distillation operation.

In the CAHP, the major objectives are the cooling and heating effects of the system, hence the calculation of
coefficient of performance for both cooling (COP¢.) and heating (COPy) respectively. However, since the
condenser/evaporator processes of the vapour unit of the CAHP system is subsumed in the upper plate of a
distillation operation, the high grade energy intake of the generator as in the reboiler, (akin to a lower plate (of
high P and T) of a distillation operation) could only have been used to deliver energy that would have been used
to effect separation. From the comparison in Table 3 therefore, it can be seen that:

Qce =QvarL Hge associated with the vapour from the lower plate

Qe = QuioL Heat energy associated with the liquid from the lower plate

Qco = Qvaru Heat energy associated with the vapour from the upper plate

Qev = Quiqu Heat energy associated with the liquid from the upper plate

The (COP) anmo model equation of the CAHP system is therefore the most suitable model applicable to plate-to-
plate distillation operation.

3.2 Performance evaluation and modelling of a conventional absorption heat pump and distillation
operation.

The results of the effect of generator temperature on the COP anmo 0f @ CAHP using ethanol-water pair evaluated at different

rectifier temperature and molar composition of the ethanol are as shown in Figures 6 and 7.
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152
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Generator Temperature, Tge C
Figure 6: COP amnio versus Tge at different Trec

Tee is the average temperature of all the streams involved in the vapour generating processes of the generator
unit. Similarly, the condenser temperature, Tco is the average temperature of the streams linked to the
condenser. The corresponding temperature lift, T er for these plots is approximately 31.3°C, while the
evaporator temperature, Tg, Was 47°C. The concentration gap varies between 0.06 and 0.165. A close
examination of Figure 6 shows that the performance of the CAHP increases with increase in Tgg, irrespective of
the rectifier entrance temperature. A maximum COPaymo Value of about 1.6309 is attained at Tgec of 70°C,
which suggest the optimum condition to operate the CAHP system. All the plots followed the same trend in
which there was an increase in COPanumo With slight increase in Tgg, which continued until it reached a
maximum and then began to diminish. Thus beyond this maximum points, operating the system at higher Tgg
will no longer be economical as higher grade energy supplied to the generator will yield a lesser output of the
delivered heat at the condenser.Figure7 shows the plot of COPaymo Versus Tge but at different values of the
molar composition of the working fluid/absorbent mixture. It could be seen that operating the system at 0.55
molar composition of the mixture will deliver the best performance. Below and above this will also not be
economical in terms of performance for the system. However, a similar trend of the plots was observed in which
there was a little increase in the performance of the system as the Tgg increased until it peaked at about Tgg of
78°C before a diminishing return set in. This suggests that the optimal Tge would be 78°C beyond which the
process would be uneconomical.
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Figure 7: COPamuo versus Teg at different ethanol/water Mole Fractions.

However, Thermal Economics suggests that operating at 74°C is sufficient point on the COP amo—Tce
Plateau. Furthermore, the COPanmo Values peaked at a mole fraction of the ethanol/water system of 0.55 and
then declined on higher molar fraction. Thus, the 0.55 mole fraction of the ethanol/water mixture and Tge of
74°C would yield the most economical COP pnmo. These, combined with the results in Figure 6 put Full Thermal
Economics at 0.55 mole fraction of the ethanol/water mixture, Tge of 74°C and and Trec 60°C. This observation
for the ethanol/water system of the CAHP operation agrees with literature data in which Adefila (1983)
presented the graph of COP aymo Versus Tge for LiBr/H,O CAHP system, in which a similar trend was obtained.
Models developed provide an easy extension of the heat pump/heat engine principle to distillation operation,
based on earlier comparison between the two systems. The first model developed for CAHP was that which
relates the concentration gap DX of the solution unit as a function of stream enthalpies (H, and Hs), Equation
14,
a+dTy(x )+ Ty (v ) + kTo(x ) + it (v ) + a2 ) + mTa(y ) + pTel]) +

qTy(y ) + trsla) + uTs(y]
L+ BT[]+ 0T[5 + frale’) + graly) + jTal2] + kraly’) + nry(2) +
oTy (3} + rrgx) + ers(y ) + vrglx’) + aary(y)

Z =

where Z=DX, x’ =Hsand y’ = H,
Figures 8shows the parity and residual plots and the parameter values for the compositional changes (DX)
model for the absorption heat pump working on ethanol-water binary mixture.
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Figure 8(a and b) Parity and Regression Plots for the CAHP [DX = (H,, H,) Model

The model developed for the distillation operation is as shown in Equation 15. The model is a Chebyshev X,Y
Rational Order 5/6, a type of [DX = f(Ha,ha)] like Equation 14.

24Ty () + 2Ty (y) +BT (x) +iTyy ) +1Ts (x) + mTs (¥) +pTa () +
aTy(y ) +tTs(x] +uTs(¥)
T+0T; () +oTy (7 )+ T3 (x )+ 2 Ta3) +iTa (5 ) +E T3 (3) =T (x) = 15
oTy(¥) +£Ts (x) +5Ts () +vTs (x) + aaTs )

=
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Figure 9(a and b) Parity and RegressionPlots for the Distillation [DX =1(h . H, ) Model

The selection of the variables for the models were based on the earlier comparison between the CAHP
and the distillation column, (Figures 3 and 4 and Table 3). Model equation relating concentration gap DX as a
function of stream enthalpies (H, and Hs) developed for the CAHP(Equation 14) has a coefficient of
determination, r* of 0.9948, a fit standard error of 0.00528 and F-Stat value of 61.3194. These are good
statistical values that show that the plot is a good fit of the simulated data. F-Stat value indicates the significance
of the model occurring not by chance, even though it has a large r? value. The DX is a measure of the difference
in composition value of the rich-solution flowing from the absorber into the generator and the lean-solution
stream leaving the generator after rectification back into the absorber. The parameter values, the parity and
residual plots for the model (Tables 4 and Figure 8) showed a very close approximation of the fit with the data.
Thus the model Equation 14 is a good representation of the simulated data.

This concentration gap of the CAHP is akin to the concentration difference between the stream flowing
downwards into a plate from an upper plate and that coming out of the plate into a further lower plate of the
distillation column. The model equation [DX = f(ha,Ha)] — Equation 15, has the following regression
parameters: the coefficient of determination (r?), of the model is 0.9271 which is a good fit for the data. The fit
standard error and the F-Stat value are 0.01686 and 4.0446 respectively, which are good statistical data for the
fit as well. The model parameter values and the regression analysis values (Table4 and Figure 9) also showed
that the model is a good fit.

Close examination of the models(Equations 14 and 15)also revealed that the two models are of the
same Chebyshev model equation type; Chebyshev X,Y Rational Order 5/6 with slightly different parameters.
For the fact that the same Chebyshev models could fit the two thermal systems confirms the similarities between
the plate-to-plate operation of the distillation and the operation of the CAHP. Based on the similarities of these
models, the distillation column which could be viewed as a cascade of several CAHP can thus be analyzed using
the COPanmvo as the measure of its stage-to-stage performance. It could then be said that stages where the
COPanmo falls below 1 shall indicate regions of lower energy efficiency and vice-versa. It should be noted also
that since COP is a measure of the ratio of heat delivered to work energy consumed, the higher the COP value,
the more efficient the work energy was utilized in the process, thus resulting in minimal exergy losses within the
stage.

Figurel0 (a and b) are plots of the distillation COPaqmo at varying feed plate locations and feed inlet
temperatures. For the inlet feed temperature ranging from 302.45K to 352.45K, and the feed plate location
ranging from plate 3 to plate 7, it could be seen that the COPanmo increases with increase in the inlet feed
temperature as the feed plate location shifts towards plate 3. At each temperature of the feed, plate 3 gives the
highest COP anmo Values. COPanvo is @ measure of the ratio of the separating effect (i.e. the energy utilized in
effecting separation within the column) to the work energy input into the system to drive/achieve the separation.
The higher the COPanmo Value, the better the energy conversion and the lower the energy wastage.
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Figure 10{a): COP smyo of Distillation at Varving Figure 10(b): COP o of Distillation at Varving
Feed Plate Locations. Feed Temperatures.

Conclusion

The COP anmo model developed could be used to analyze distillation operations, since it has been shown that the
operation of an absorption heat pump is similar to that of the plate-to-plate distillation operation.Extending the
principles of heat engine and heat pump to distillation operation did provide a better understanding of the energy
transformation processes within a distillation column, and will thus make its analysis simpler.
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Table 4: Coefficient values for the DX = f(H,,Hs)] Model for CAHP and [DX = f(ha,Ha)] Model for
Distillation Operation

Model [DX = f(H,Hs)] Model for CAHP [DX = f(ha,Ha)] Model for Distillation
Parameter Value Std Error t-value Value Std Error t-value

a -0.77674 1.114368 -0.69703 0.588184 9.792381 0.060066
b -80.2155 675.9666 -0.11867 -7.77366 14.85672 -0.52324
c 78.555 678.5875 0.115763 6.723359 18.782 0.357968
d 43.78763 131.9251 0.331913 -4.67993 84.39004 -0.05546
e -42.4054 134.6821 -0.31486 4.011293 77.08471 0.052037
f 40.50992 114.467 0.353901 3.803114 35.87903 0.105998
g -39.5067 120.5743 -0.32765 -4.398 29.57186 -0.14872
h -30.1011 68.30905 -0.44066 2.467435 42.02385 0.058715
i 29.16088 71.90439 0.405551 -2.73107 48.71316 -0.05606
j -12.1495 136.564 -0.08897 -0.98156 15.41612 -0.06367
k 11.64996 131.1154 0.088853 1.947654 16.70337 0.116602
| 16.97948 44.95445 0.377704 -0.64831 13.81344 -0.04693
m -16.4992 41.31476 -0.39935 1.477748 25.65283 0.057606
n 5.717547 99.89768 0.057234 0.265233 7.25245 0.036572
0 -5.47391 97.41082 -0.05619 -0.8297 10.61667 -0.07815
p -4.92046 60.62621 -0.08116 -0.15664 2.768366 -0.05658
q 4.746315 58.28212 0.081437 -0.28398 5.332944 -0.05325
r -1.9869 14.4097 -0.13789 0.036105 1.79994 0.020059
S 1.887808 13.89249 0.135887 0.166828 3.259662 0.051179
t 1.996435 35.81818 0.055738 -0.07489 1.793275 -0.04176
u -1.95081 35.04887 -0.05566 0.023153 0.66025 0.035067
% 1.114084 4.880477 0.228274 0.064858 0.796076 0.081473
aa -1.08455 4753724 -0.22815 -0.01192 0.556401 -0.02142
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