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ABSTRACT are 0.12 for the evaporator, 0.11 for the absorber/condenser,
After formulating the theory of relativity, Albert Einstein  and 0.17 for the generator. The generator irreversibility is due

spent several years developing absorption refrigeration cycles.to the inherent temperature difference in the internal heat

In 1930, he obtained a U.S. patent for a unique single pressureexchange. The results show that there is a large potential for

absorption cycle. The single pressure throughout the cycleincreasing the cycle’s efficiency through design changes to

eliminates the need for the solution pump found in raise the low generator temperature and to reduce the large

conventional absorption cycles. The Einstein cycle utilizes generator irreversibilities.

butane as a refrigerant, ammonia as a pressure equalizing

fluid, and water as an absorbing fluid. This cycle is

dramatically different in both concept and detail than the better NOMENCLATURE

known ammonia-water-hydrogen cycle. Symbols
Recent studies have shown that the cycle’s COP is 0.17,COP  Coefficient of Performance
which is relatively low compared to two-pressure cycles. This h Enthalpy (kJ)
limits the cycle to refrigeration applications where simplicity, m Mass (kg)
compactness, silent operation, and low cost are the importantQ Heat Transfer (kJ)
characteristics. Improved efficiency would open up other S Entropy (kJ/K)
potential applications. T Temperature®C, K)
In this study, a comprehensive second law analysis of thex Liquid Concentration
cycle was carried out on each component and process toy Vapor Concentration

determine the thermodynamic source of the low efficiency.
The results show that the reversible COP for the cycle is 0.58,Subscripts

and that the component with the largest irreversibility is the # State Point as Identified in Figure 1
generator. The entropic average temperatures for the heag Ammonia

flows into and out of the cycle are 353 K for the generator, 266 b Butane

K for the evaporator, and 315 K for the absorber/condenser.f Liquid

The COP degradations from the ideal due to irreversibilities g Vapor
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Current refrigeration cycles used in air conditioning,

refrigeration, and heat pump equipment are two-pressure
cycles where a temperature difference between a condenser angl . ']\
evaporator is established by a pressure difference. A A Q
compressor establishes this pressure difference in vapor-
compression cycles, or a solution pump in absorption cycles. Figure 1 Einstein Refrig eration Cycle Schematic
These two-pressure cycles require mechanical devices with
moving parts and access to shaft or electrical power to drive
the compressor or pump. This compressor or pump adds
significantly to the system costs, reduces reliability, generates ;... snia-butane and ammonia-water fluid mixture properties
noise, and limits portability. In addition, these refrigeration ;e modeled with a cubic equation of state and fitted to the
systems must be connected to a fuel burning power generatingjn,iteq available experimental data using mixing rules.
facility which converts only 25 to 35 percent of this fuel to As described below, the cycle COP was calculated through
power. The one exception to this is the Platen and Muntersy i, first and second law analyses. The entropic average
cycle using hydrogen gas to establish a lower refrigerant v neratyres, the ideal reversible COP, the entropy generation
partial pressure in the evaporator, while maintaining a higher i, o4ch process, and the irreversible COP degradations from

refrigerant pressure in the condenser. Because of its IOWthe reversible COP for each component are analyzed
efficiency and limited temperature lift, it has very limited

commercial application.
Over 65 years ago, Albert Einstein and Leo Szilard ~yc| g DESCRIPTION

obtained a U.S. patent for a pump-less absorption refrigeration Figure 1 shows a schematic of the Einstein refrigeration
cycle (Einstein, 1930). This cycle operates with an evaporator, cycje ~|n the Einstein cycle, ammonia acts as an inert gas to
a combined condenser/absorber, and a generator at a singlfyer the partial pressure over the refrigerant, butane. Water
uniform pressure. It utilizes butane as a refrigerant, ammonia i, provides separation by absorbing the ammonia.

as a pressure equalizing fluid, and water as an absorbing fluid. Starting in the evaporator, liquid butane arrives from the
In the evaporator, the partial pressure on the entering liquid ;o jenser/absorber. In the evaporator, the partial pressure
butane is reduced by ammonia vapor, allowing it to evaporate above the butane is reduced diymonia vapor flowing from

at a lower temperature. In the cond_enser/absorber, the parti_a[he generator. With its partial pressure reduced, the butane
pressure on the vapor butane coming from the evaporator iSq\an0rates near the saturation temperature of its partial
increased when the ammonia vapor is absorbed by liquid pressure, cooling itself and the ammonia, and providing

water, thus allowing the butane to condense at a highergyierng| refrigeration. The ammonia-butane vapor mixture

temperature. Liquid butane and liquid ammonia-water are jq,yeq the evaporator and enters the pre-cooler where it cools
immiscible and naturally separate. The ammonia is then the hot vapor ammonia that is counter-flowing from the

separated _from th? water in a Qe”efamf b_y the application 0fgenerator. The now superheated ammonia-butane mixture
heat. Fluid flow in the cycle is accomplished with a heat g,uq qut of the pre-cooler into the condenser/absorber, which
driven bqbble pump_and gravity. ) is continuously cooled by an environmental heat sink.
In this study, a first and second law thermodynamic model \;q4nhile, liquid water from the generator is sprayed into the
of the Einstein refrigeration cycle was used to investigate the .o, qenser/absorber. With its affinity for ammonia vapor, this
cycle’s performance characteristics. Two regenerative heatWater absorbs the vapor ammonia from the ammonia-butane
exchangers not included in the Einstein patent were added 0y re. The absorption of the ammonia vapor increases the

Bubble Pump

Generator

generator

improve performance. These are a generator internal regenera-
tive heat exchanger and an evaporator pre-cooler. The
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partial pressure on the butane vapor to nearly the total mixtures were modeled with the Patel-Teja cubic equation of

pressure, allowing it now to condense at butane’s saturationStéte (Patel, 1980) in conjunction with the Panagiotopoulos

temperature for the total pressure. Note that this is higher than@nd Reid mixing rules (Panagiotopoulos and Reid, 1986).
butane’s saturation temperature at the partial pressure in thel Nese mixing rules allow the equation of state to be fitted to

evaporator. The butane and the ammonia water separate dufXPerimental mixture data. For the ammonia-butane mixture,
to their respective density differences and the fact that tN€ €quation of state was fitted to the experimental data of
ammonia-water is immiscible with butane at the Wilding et al. (1996). For the ammonia-water mixture, the

condenser/absorber's temperature and pressure. Since liquigduation of state was fitted to the experimental data of
butane is less dense than liquid ammonia-water, it is the topClllespie etal. (1987). _

liquid and is siphoned back to the evaporator. Meanwhile, the = 1YPical property model results for ammonia-butane are
ammonia-water mixture leaves from the bottom of the ShOWn on a temperature-concentration plot in Figure 2. The

condenser/absorber and enters the solution heat exchangeP'€SSUre in this case is taken at four bars, which is the total
Here, the mixture is pre-heated by the internal regenerativeOPerating pressure at which the cycle was analyzed. Note that

heat exchanger before being heated by an external heat sourcel'® Property model shows an azeotrope as well as the

Inside the generator, heat is applied to the strong appearance _of a liquid-liquid equilibrium. This quuid-liqu_id
ammonia-water solution, driving off ammonia vapor where it separation disappears at lower pressures, which agrees with the
rises and is carried to the evaporator. The remaining weak€XPerimental data. _
ammonia-water solution is pumped up to a reservoir via a  [19uré 3 shows the ammonia-water property model result

bubble pump. In the reservoir, any residual ammonia vapor on a temperature-concentration diagram. Again, the total

from the bubble pump is sent to the condenser/absorber. ThigP'€SSUre is taken at 4 bars, and the results agree very well with
vapor flow into the condenser is small (Delano, 1998), and hasthe Gillespie et al. (1987) experimental data. A more detailed

been neglected in this analysis of the cycle. The weak description of the agreement between the property models and

ammonia water solution falls to the generator internal € €xperimental data is given in Delano (1998).
regenerative heat exchanger where it gives up its heat to the
strong ammonia-water solution coming from the condenser.

SECOND LAW ANALYSIS

Finally, this water is sprayed into the condenser/absorber. i ) )
The first and second laws can be combined to provide a

While the overall pressure of the cycle is constant, there X . .
are slight pressure variations within the cyckcessary for relatlon_shlp for the _rever5|ble COP of a three-temperature
fluid motion. These are due to height variations and are not "€Servoir heat pump in terms of only the constant temperature
large enough to significantly affect property evaluation. reservoir temperatures. Due to |r_re_ver5|b|I|t|es such_as fluid

mixing and heat transfer across a finite temperature difference,

the COR,, is degraded to the actual COP. Using the concept
PROPERTY MODEL of direct second law analysis (Alefeld, 1990), it is possible to
calculate the amount by which each process in a system of
interest degrades the system'’s reversible COP.

This approach is different in detail to carrying out an
exergy or availability analysis where the loss of work due to
irreversible entropy generation is calculated. Since no work is
required or produced by the Einstein cycle, work is not a

Accurate working property models are available for the
ammonia-water mixtures needed in this study, but none were
found for the required ammonia-butane. Therefore, for
consistency, the vapor-liquid equilibrium thermodynamic
properties of both the ammonia-butane and ammonia-water
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commodity of interest. The effect on the COP is of interest. @
This COP is the ratio of the “desired output,” which is the T ool
refrigeration heat absorbed, to the “input paid for,” which is ‘ iVolume
the driving high temperature generator heat input. This direct ‘
second law approach directly calculates the degradation of this
COP due to irreversible entropy generation in the various cycle :
processes. Ve

For the Einstein refrigerator, direct second law analysis ? 7%
begins by applying the first and second law to a control volume ® 4
encompassing the entire system, with only heat crossing the
boundary, as shown in Figure 1.

Qevaporator

Figure 4 The Evaporator

. . . The first term in square brackets on the right side in
Qevaporator'" Qgeneratoroverall_ Qcondenser: 0 1) equation 3 is the CQR for a thermally-driven refrigerator
operating between three temperature reservoirs. Equation 3
. . . may thus be rewritten as follows:
gevaporator 4 Qgﬁneratoroverall _ gcondenser _ —zék (2)
T, T, T,

evaporators generators condensers k

COP = CORev - Zk: CORjegradatiu,k (4)

In the previous equationSc represents the entropy Where
generation of each procegs,occurring within the system, and

Qgeneratoroverall is the heat added to the overall generator evaporator”

_ _ COPd setion k = T Tcondenser . Sk (5)
subsystem. The temperatures cvaporators T condensers and egracation, T condenser— Tevaporator Q
T generator,s@re defined to be the entropic average temperatures genoverall
at which heat flows across the defined control volumes (Herold
et al.,, 1996). The condenser/absorber and the evaporator
exchange heat with their respective heat sinks and source at Equation 5 conveniently shows how much the entropy
constant temperatures. Therefore, their entropic averagegeneration of each proceds, inside the control volume of
temperatures are merely equal {Qadorato@Nd Teondenser Which Figure 1 degrades the reversible COP to the actual irreversible
are fixed at 315 K and 266 K. However, the generator fluid COP. This allows for an absolute evaluation of the degradation
receives its heat at a varying temperature, starting at theimpact on the cycle COP for each irreversible process.
internal heat exchanger exit a}; To the maximum generator
temperature, 4 as shown in Figure 7b. Calculation of the
exact entropic average temperature for this desorbing processstHERMODYNAMIC MODEL
is complex, and was therefore estimated as the numerical  To create a thermodynamic model of the Einstein cycle,
average of the entering and leaving temperatures. The errorthe overall cycle was divided into 5 separate control volumes:
introduced by this calculation is minimal for this small the evaporator, the pre-cooler, the condenser/absorber, the
temperature range, as demonstrated by Alefeld (1993). generator, and the internal generator. Next, the mass
Now, equation 2 is multiplied bydndenserand subtracted conservation and first and second law equations were written
from equation 1. After some rearrangement, the following for each control volume. Each control volume was assumed to
equation is produced: operate under steady state conditions with no fluid friction.
Figure 4 shows the control volume for the evaporator.
Conserving mass for both the ammonia and the butane found
T T in the evaporator yields the following equations, with the
gens cond . . . . K .
] subscripts referring to the Figure 4 state points:

L] - - S
Qevap _ [ TQEH,S _[Tevap'Tcond ] Zk: X (3)

égen,ov [ Tcond - Tevap] T

a— T .
con evap
Qgen,ov

T Yaz M3 =X,, M2+ My (6)

evap
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Control Volume

Figure 5 The Pre-Cooler

Yp3z M3 =Xy, -M2 (7

Conservation of energy for this same evaporator control
volume in Figure 4 yields:

Qcondenser

Figure 6 The Conden ser/Absorber

¢ =ms-h, —mi-h, —ma-h 8 _ o .
Qeveporaior=Ma- Mg = M-, =Ma- ®) state point 3 and the liquid leaving at state point 2. A second

exists between the vapor mixture leaving at state point 6 and

. the liquid entering at state point 5.
Furthermore, the second law entropy generation for the

evaporator is:
T,=T, (12)

Qevaporator (9) TG = T5 (13)

Sevaporator= M3-S; —M1-S, —M4-S, —
evaporator
In the Einstein refrigeration cycle, the condenser and
) absorber are combined into a single component where both
where Tyaporaiords COnstant. processes occur simultaneously as shown in Figure 6. Since

The pre-cooler (Figure 5) is insulated so that the only heat y, _ 1, conservation of mass for the condenser/absorber
transfer occurs between the entering streams and exiting

streams. Since the conservation of mass will be satisfied
between the evaporator and condenser/absorber, the only
equation ecessary for the pre-cooler is the conservation of
energy.

control volume in Figure 6 yields the following equations:

M1+ M7 = Mg+ M3+ Mgy (14)

Xiq Mi+X;7 M7 =X;g-Mo+Y;3-M3+Y;gs-Msg (15)
ms-h; + mMi-hy + ma-hg =ma-hg + mz-h, + ma-h, (10)

Conserving energy for this same control volume vyields the

The entropy generated by the pre-cooler due to heatheat transfer from the condenser:

transfer across any finite temperature difference is:

Qcond = M1-h; +Mz-h; —Mo-hg —ms-hg —Mag-hg, (16)

Sprecool = M3-Sg +M1-S, + M4-S, —M3-S; —M1-S; —Ma-S; (11)

The second law entropy generation for the control volume

In this study, the effect of non-ideal heat exchange is IN Figure 6 is:

accommodated simply with the use of pinch points. Since it is

a three stream heat exchanger, there are two pinch points in . . . . . . Quong
the pre-cooler. One is between the vapor mixture entering at Seond = M-, + M7+ S; — Mo- § — Ma- S5 — Mg- Sy —

cond

17)
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[————— . . . .
ReserVOIr”iL@ Ms+ Mgi = M7+ Mgiv (22)

-»

fe———r]

Ms+ X, 6 - Myl =Y,aq - Mav+X,7-M7 (23)

a,gi

®
P NI ECN r.ns- hg + r;]gil “hy + I%]g- hy = I%h- h, + I%]g- hg + I'.ngiV'hgiv (24)

Control Volume
Bubble Pump

The subscript ( 4), denotes the vapor entering the bottom
. Q of the control volume at the i interface and the subscripji ( )

Generator
Control Volume

I
I
I
I
I
I
I
I
PRECE ! 5 ; denotes the liquid flowing down the wall out of the bottom of
| ; The entropy generated by the generator’s internal heat
; exchanger is accounted for with equation 21, which includes
I | the generator also requires a pinch point:
'/—J ™ Q)
bubbldpump. __ __ __ __ _IQgenerator

é | the control volume interface at i.
[
|
| the internal heat exchanger. The internal heat exchanger in
(a) Total Control Volume (b) Internal Control Volume T, =T, (25)

Q

Figure 7 The Gen erator

To circulate the working fluids without a mechanical
o . pump, the Einstein cycle relies on a bubble pump. The bubble
_In the generator, shown in Figure 7a, ammonia rich water ;1 is a heated tube communicating with the generator and

arriving from the condenser is heated. Conserving mass anty,e pigher reservoir. The liquid in the generator initially fills
energy flow for the generator’s control volume yields: the lower part of the tube. Heat is applied at the bottom of the
tube at a rate sufficient to evaporate some of the liquid in the
tube. The resulting vapor bubbles rise in the tube. The bulk

M7 = Ma -+ Mag+ Mo (18) density of the fluid in the tube is reduced relative to the liquid
in the generator, thereby creating an overall buoyancy lift.
. . . . This buoyancy lift causes liquid and vapor to flow upward in
Xa7 M7 =Xg9 Mot Ma+ty,qq - Mag 19) the tube carrying fluid from the generator to the reservoir.

A model of the bubble pump was created using the
. . . . . . conservation of mass, momentum and energy, assuming that
Qgent Quubpump= Ms-Ns +Me-Ng +Mag-Ngy —m7-h, (20) the bubble pump operated in the slug flow regime. The results
of this model showed the energy requirement of the bubble
pump to be about ten percent relative to that of the generator.

The entropy generated by the generator is: Since the bubble pump has a relatively small effect, details of
the analysis are omitted here, but can be found in Delano
(1998).
. . . . . +
Sgen = M5+ Sg +Ms-Sq + Mg Sgy —M7-S; — M (21)
Tgens CYCLE OPERATING CONDITIONS

Einstein’'s patent (Einstein, 1930), specified ammonia,
water, and butane as the working fluids. The operating
o conditions for the cycle were chosen in this study to be at a
To account for the generator’s internal heat exchanger, o stem pressure of 4 bar, a condenser/absorber temperature of
another control volume is necessary (Figure 7b). Conservationgy ¢ K, an evaporator temperature of 266 K, and a maximum
of mass and energy yield the following equations: generator temperatureg, Tof 375 K. These were chosen to be
consistent with a refrigerator using ambient air as a heat sink
and producing ice-making conditions, as discussed below.

6 Copyright © 1999 by ASME



Table 1 Base Case Results for Pressure = 4 bars Table 2 Degrading of Reversible COP

Parameter Value Process COP degradation
CORyeal 0.57 Pre-cooler 0.007
COP 0.17 Condenser/Absorber 0.106

Qgenramr 7.09 kW Evaporator 0.119

. Generator/Bubble Pump 0.173

Qbubbiepump 0-76 kW Total 0.405

Qcondenseﬂ'absorber -9.18 kw

Qevaporator 1.33kw and a maximum respectively. These extreme temperatures
M, 3.8¢ls were used to produce the maximum temperature lift.

i 8.5 gls For the case studied here, infinitely large heat exchangers
3 ’ were assumed by making the pinch points for both heat
m, 4.6 g/s exchangers zero. Finally, all mass flow rates were normalized
m, 14.7 g/s to the mass flow rate into the bubble pump, since this flow rate
M, 9.6 g/s can be controlled by heat input to the bubble pump. With
i 10 gfs specification of ammonia-water-butane fluids, the evaporator,

bp condenser/absorber, and generator temperatures, zero heat

Tevaporator 266 K exchanger pinch points, and a bubble pump mass flow rate of
T condenser/absorber 315K 10 g/s, the refrigeration cycle model is fully developed.
Igenerator, max 375 K

T generator,s 3529 K
Tgenerator,intemal 325.4 K RESULTS
T4 278.1 K To simultaneously solve the large set of nonlinear

equations in both the refrigeration cycle thermodynamic model
and the Patel-Teja cubic equation of state property model, the

The temperature for the condenser/absorber was chosen tgngineering Equation Solvesoftware was used (Klein and
be 43°C, or 315 K, so that heat could be rejected to the ambienfzlvarado, 1997).

air. Next, the behavior of the ammonia-butane mixture, shown Table 1 provides the important results of this base case.
in Figure 2, was studied to select a system pressure and\ote that the scaling parameter is the bubble pump mass flow
evaporator temperature. As seen in Figure 2, pure butane at gate, taken arbitrarily in this case.
pressure of 4 bar condenses at 315 K. The addition of  ytilizing equation 5, Table 2 shows the irreversible
ammonia allows the mixture to boil as low as 266 K. degradations calculated for the various processes.
Therefore, the system pressure was chosen to be 4 bar and the For the ideal process, the reversible COP using equation 3
evaporator temperature 266 K. This -7°C evaporator allows thejs 0.57. Including the degradations of all the processes results
production of ice. in an actual COP of 0.17. The generator contributes the
To select a maximum generator outlet temperature, the |argest irreversible degradation. This is due to heat transfer
behavior of the ammonia-water mixture at the system pressure across the inherent temperature difference in the internal heat
as shown in Figure 3, was studied. To generate ammoniaexchanger. In this regenerative heat exchanger, the liquid
vapor, the nearly 50/50 ammonia-water mixture flowing from entering the generator from the condenser/absorber at 315 K is
the condenser/absorber at 315 K is heated, driving off mostly heated to approximately 325 K. This fluid is heated by the hot
ammonia vapor, but also some unwanted water vapor. Heatingfluid side starting at the peak generator temperature of 375 K
the ammonia-water to 375 K reduces the mass concentration ogn(d decreasing down to 315 K at the exiting zero pinch point.
ammonia in the liquid from about 0.5 to under 0.2, and does Thjs produces a large temperature difference of 55 K at one
not generate a significant amount of water vapor. Lower end of the heat exchanger, decreasing to zero at the other end.
temperatures would reduce the amount of the desorbed The mixing of ammonia and butane in the evaporator
ammonia vapor, and higher temperatures would boil unwantedcauses its degradation to be relatively high as well, at 0.12.
water vapor. Therefore, the maximum generator temperature| jkewise, the mixing of water and ammonia occurring in the
was selected to be 375 K. condenser/absorber causes the third largest degradation to the

Figure 2 shows that at a fixed system pressure, the cOP. The pre-cooler contributes relatively minor degradations.
characteristics of the ammonia-butane mixture constrains the

evaporator and condenser/absorber temperatures to a minimum

7 Copyright © 1999 by ASME



DISCUSSION irreversibility of 0.01. This is due to the imbalance of the

A question arises as to the value of adding the generatorthermal masses, but the irreversibility is essentially negligible.
internal regenerative heat exchanger, which is the single This heat exchanger was added to improve the cycle COP,
irreversible process occurring in the generator/bubble pump, which it does by changing the stream temperatures to make the
and the largest irreversibility in the cycle. It was inserted into condenser/absorber and evaporator reject and receive heat at
the cycle in order to reduce the generator external heatconstant temperatures. This is similar to the generator internal
requirement and to increase the COP. If it is removed, the heat exchanger effect discussed above.
generator irreversibility will be reduced. This appears to be a
contradiction.

However, the entropic average temperature for the CONCLUSIONS
generator heat input will also be reduced with the removal of The Einstein cycle is a three temperature thermal heat
the generator internal heat exchanger, thereby reducing thepump with no work input or output. It receives high temp-
COR., Specifically, without the internal heat exchanger, the erature driving heat which is used to pump heat from a low
external generator heat input will start at(315 K), ending at refrigeration temperature to an ambient rejection temperature.
the maximum generator temperature of 375 K, for an averageThe refrigeration application analyzed in this study uses
of 345 K, rather than the 352.9 K with the internal heat butane-ammonia-water working fluids with the driving heat
exchanger. In addition, the exiting fluid temperature leaving input temperature varying from 325 K to 375 K. The entropic
the generator and entering the condenser will rise from 315 K average temperature for this driving heat input is 342 K. This
to 375 K. This will increase the condenser irreversibility since is a relatively low driving heat source temperature. The
it will have to reject this additional high quality thermal refrigeration temperature from which heat is pumped was
energy to the 315 K sink. The effect of removing the generator selected to be 266 K and the single heat rejection temperature
heat exchanger will be to reduce the GQPadd to the was selected to be 315 K. The COP of this cycle is low relative
condenser irreversibility, and decrease the generatorto two-pressure absorption cycles, which require a liquid
irreversibility. The net effect will cause a reduction in the solution pump. A second law analysis gives insight into the
resulting COP. fundamental reasons for the low COP.

The internal regenerative heat exchanger has an inherent  The reversible COP was found to be at 0.57. This means
temperature difference at one end due to a large difference inthat even if the cycle could be made reversible, it still could not
the thermal masses of the two streams. This regenerative heateach the COP of advanced two-pressure absorption cycles.
exchanger is not present in the original Einstein cycle, but wasThis is due primarily to the low generator heat input entropic
added to improve the COP. The fact that this added average temperature of 342 K.
component causes a large irreversibility is not contradictory This reversible COP is degraded by three primary
with its intent to improve the overall cycle efficiency. Its irreversibilities: 1) the generator internal regenerative heat
addition raises the entropic average temperature for theexchanger, 2) the evaporator mixing, and 3) the absorber
generator heat input and therefore the reversible COP, frommixing. They degrade the reversible COP by 0.17, 0.12, and
which the irreversibilities degrade performance. It also 0.11 respectively, down to 0.17.
reduces the temperature of the steam flowing to the absorber, = The cycle demonstrates a creative approach to achieving
thereby reducing the irreversibility in that component. refrigeration with no work requirement, though at a relative

The evaporator irreversibility is due to mixing the low COP. The second law analysis shows the source of this
ammonia vapor with the butane to reduce the partial pressurelow performance to be primarily due to a low generator
of the butane, thereby reducing its boiling temperature. This istemperature. This should be investigated to determine how the
a fundamental characteristic of the process. However, usingcycle and working fluids might be changed to raise the
other fluids might reduce the magnitude of the irreversibility.  generator heat input temperature and various achieve

The combined condenser/absorber irreversibility is due temperature lifts.
solely to the mixing of the liquid water flowing from the These developments could make the cycle competitive
generator and the ammonia coming from the evaporator. Thiswith current commercial technology in various applications
mixing process is necessary to absorb and remove thesuch as residential heat pump space cooling and heating. The
ammonia vapor from the butane-ammonia mixture to increasecycle can achieve first law heating efficiencies over 100
the partial pressure of the butane, thereby increasing thepercent, and reduce summer peak air conditioning loads on
condensing temperature. This allows the thermal energy electrical power plants. Other applications are possible where
absorbed in the low temperature evaporator to be rejected at dow cost and reliability are important, such as remote
higher temperature, thereby pumping thermal energy up ainstallations and developing countries without an electrical
temperature hill. infrastructure. Silent operation is also a benefit.

The pre-cooler heat exchanger between the condenser/
absorber and the evaporator also contributed a small
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