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A computer simulation has been conducted to investi-
gate the performance of an absorption heat pump based on
the gmemmr-ubsorber heat exchange (GAX) cycle employ-
ing ammaonia-water as the working fluid pair. The particular
feature of this cycle is the ability to recover heat from the ab-
corber and employ it to partially heat the generator, thus im-
& proving the coefficient of performance (COP). In the present
b study, a detailed simulation has been conducted of one of the
preferred configurations for the eycle, A modular computer
! code for flexible simulation of absorption systems {ABSIM)
' was employed. Performance paramerers, including COP and
B capacity, were investigated as fanctions of different aperal-
ing parameters over @ wide range of conditions in both the
cooling and heating mades. The effect of the ambient tem-
perature, rectifier performance, flow rate in the GAX heat
'\ transfer loop, and refrigerant flow control were investigated.
COPs on the order of 1.0 for cooling and 2.0 for heating
have been calculated.

INTRODUCTION

The possibility of internal heat recovery in certain ab-
sorption cycles with a wide solution concentration field was
described ot the beginning of the century by Altenkirch
(1913) and forms the fundamental basis for the generator-ab-
sirber heat exchange (GAX) cycle. The particular feature of
this cycle is a partial lemperature overlap between the gener-
ator and the absorber, associated with the wide concentration
field, which leads to the possibility of recovering heat from
8 the absorber and employing it 1o partially heat the generator,

. thus obtaining a high COP. Several theoretical studies have
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recently been conducted on the GAX cycle (Scharfe et
al. 1986: McGahey and Christensen 1993; Inoue et al.
1994), including some suggested improvements {Herold
et al. 1991; Rane and Erickson 1994). The GAX cycle
employing ammonia-water has been recognized as a
promising candidate for residential and light commer-
cial gas-fired heat pumps. The cycle is particularly suit-
able for these applications because it can provide the
functions of both heating and cooling in a compact size,
with air or hydroni¢ external heat sources/sinks, The
ammonia-water working fluids constitule an artractive
alternative  to  ozone-depleting chlorofluorocarbons
(CFCs) employed in conventional vapor-compression
heat pumps.

A development program for advanced absorption
cycle heat pumps was initiated by the U.S, Department
of Energy (DOE) in 1982 with the goals of a heating
COP of 1.6 at 47°F (8.3°C) and 2 cooling COP of 0.7 at
95°F (35°C). As the result of a competitive procure-
ment. three DOE-sponsored studies were launched to
evaluate a variety of absorption cycles (Biermann 1984,
Phillips 1990; Modahl and Hayes 1992). Under phase |
of the program, two of the studies recommended the
GAX cycle as the preferred cycle for hardware develop-
ment. In the ensuing decade, prototypical hardware hias
demonstrated the thermodynamic principle of the GAX
cycle as well as the potential for a first-generation com-
mercial product. Currently, major GAX commer-
cialization programs are under way in the United States
and also, more recently, in Japan.

Several eycle configurations have been proposed
for accomplishing the generator-absorber  heat  ex-
change. The two basic methods published are those pro-
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posed by Phillips (1990} and Modahl and Hayes (1992). The
main difference between the two is in the design of the GAX
absorber and desorber. The Phillips (1990) configuration
employs counterflow heat and mass exchange between the
liquid and vapor in both the GAX absorber and desorber, us-
ing an external liquid loop to transfer the heat from the
former to the latter. The Modahl and Hayes (1992) configu-
ration omits the external loop, and therefore employs coflow
heat and mass exchange in the GAX desorber while main-
taining counterflow heat and mass exchange in the GAX ab-
sorber. The inferior performance of the coflow desorber is
compensated for by an adiabatic exchange between the weak
liquid stream entering the desorber and the vapor leaving it,
thus picking up some of the water contained in the latter be-
fore it goes to the rectifier.

Despite the laboratory hardware development efforts
(best described as “cut and try™), relatively little sysiematic
simulation work has been carried out on the potential perfor-
mance of the GAX cycle. Because of the complexity of the
cycle, detailed calculations were difficult. Estimates of the
performance at design point conditions were performed un-
der the DOE phase 1 analysis of advanced cycles (Biermann
1984; Phillips 1990; Modahl and Hayes 1992). Some sys-
tem-specific calculations were conducted in-house by the
hardware developers, involving physical equations in combi-
nation with their own empirical data, Recently, detailed sim-
ulation of the GAX cycle using ammonia-water has become
more practical through the use of specially developed com-
puter simulation tools such as ABSIM, which will be de-
scribed later. MeGahey and Christensen (1993) have
employed ABSIM to simulate a 10-RT heat pump based on
the cycle configuration proposed by Phillips (1990). They
concentrated mainly on optimizing the heat exchanger sizes
in the cycle components, using a logarithmic mean tempera-
ture difference (LMTD) in conjunction with the overall heat
transfer coefficient times area (UA) to characterize them. A
detailed investigation using ABSIM was conducted on a heat
pump by Hanna and Whitacre (1994) based on the cycle con-
figuration according to Modahl and Hayes (1992). Theoreu-
cal studies using other simulation techniques have been
conducted by Scharfe et al. (1986), Incue et al. (1994),
Herold et al. (1991), and Rane and Erickson (1994).

The purpose of the present work has been to simulate
the GAX cycle and to investigate its performance in a sys-
tematic and realistic manner. Similar systematic simulation
studies have been conducted in the past few years for other
absorption cycles, including some rather complex ones
(Grossman et al. 1994; Gommed and Grossman 1990).
These studies have demonstrated the importance of deter-
mining not only a design point performance, but generating
performance curves of COP, capacity, and other parameters
as functions of the operating conditions over their entire ap-
plicable range,

The modular computer code for ABsorption SIMulation
{ABSIM) was employed to conduct this study, The code, de-
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veloped specifically for flexible simulation of absorption cy-
cles, has been described in detail by Grossman and Wilk
(1992) and in a related report (Grossman et al. 1991) cop-
taining a user's manual. The modular structure of the code
makes it possible to simulate a variety of absorption systems
in varying cycle configurations and with different working
fluids. The code is based on unit subroutines containing the
governing equations for the system's components and on
property subroutines containing thermodynamic properties
of the working fluids. The components are linked together
by a main program, which calls the unit subroutines accord-
ing to the user's specifications to form the complete cycle.
When all the equations for the entire cycle have been estah-
lished, a mathematical solver routine is employed 10 solve
them simultaneously.

In conducting the present simulation, the same method-
ology employed in earlier studies of single-, double-, and tri-
ple-effect cycles has been followed. Since the system's
performance depends on many parameters, the approach has
been to establish & design point for the cycle, then to vary the
relevant parameters around it. Thus, performance maps of
COP and capacity as functions of the operating conditions
can be generated.

DESCRIPTION OF THE CYCLE

The present simulation has been performed on the basis
of the configuration proposed by Phillips (1990). Figure |
describes this cycle in terms of the components recognized
by the ABSIM code. It consists of 14 units and 39 state
points; circled numbers indicate units and uncircled numbers
indicate state points, Following is a brief review of this cycle
diagram,

Liquid refrigerant at subcooled state 29 expands through
valve 6 and enters the evaporator, simulated here as the com-
bination of desorber 1 and mixer 9, to allow for incomplete
evaporation of the refrigerant leaving at state 3. The refriger-
ant is not quite pure ammonia and contains about 0.5% wa-
ter; this binary mixture causes a gliding evaporation
temperature and does not evaporate completely in desorber
1. Streams 27 and 28 show the amounts of liquid and vaper,
respectively, leaving the evaporator. Their combined mixture
(state point 3) passes through a precooler, simulated here 48
the combination of desorber 10 and mixer 14, again for the
same reasons. The precooler of condensate stream 15-29
causes part or all of the liquid that remains in refrigerant
stream 3 to evaporate; stream 30 is, therefore, generally satu-
rated to an almost dry state and, under some conditions,
reaches a dry saturated or even a superheated state. This
stream enters the absorber consisting of three parts as shown,
simulated here as the combination of analyzers 12 and 11
and absorber 5. Unit 12 is externally cooled, unit 11 is solu-
tion-cooled, and unit 5 is GAX-cooled. The weak solution
leaving the bottom of the absorber at state 33 is pumped 10
the desorber, also consisting of three parts as shown, simt-
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Figure 1  Schematic description of the GAX cycle

according to the configuration proposed by
Phillips (1990): The evaporator is represented
by desorber 1 and mixer 9; the precooler is rep-
resented by desorber 10 and mixer 14; the
absorber consists of analyzers 12 and 11 and
absorber 5; the generator consists of analyzers
2 and 13 and desorber 3.

lated here as the combination of desorber 3 and analyzers 2
and 13. Unit 3 is externally heated, unit 2 is solution-heated,
and unit 13 is GAX-heated. An external liquid loop 4-5 (not
completely shown), employing water as the heat transfer

~ fluid, transfers heat between the GAX absorber (unit 5) and

desorber (unit 13). The strong solution leaving the desorber
at state 36 is returned to the absorber. The desorbed vapor at
state 23 enters rectifier 7 and is distilled to state 10, with the
reflux at state 22 mixed with the weak solution in mixer 8
before entering the desorber. The rectified vapor condenses
in condenser 4, and the condensate at state 15 is subcooled in
the precooler (unit 10) before expanding into the evaporator,
This completes the cycle.

It is important to note that in this configuration, the lig-
uid and the vapor streams in all three parts of the absorber
and desorber exchange heat and mass in counterflow, which
is the most efficient way to carry out the respective pro-
cesses, Also, the transfer of heat to or from each of the exter-
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nal streams is done in counterflow to the internal flow of the
liguid.
DESIGN CONDITION

As a first step toward conducting the simulation, a de-
sign condition has been selected for the system described in
Figure 1. Table 1 summarizes the values of the various pa-
rameters specified, and a brief explanation follows,

The design condition has been selected to represent a
gas-fired domestic heat pump delivering a cooling capacity
of 3,0 RT (600 Btw/min [10.54 kW1) under typical cooling
conditions. Normally, in order to define such a system to the
simulator, the following parameters would have to be speci-
fied: the heat and mass transfer characteristics of all the ex-
change units, typically in terms of their overall heat transfer
coefficient times area (UAs) and deviations from equilib-
rium (DEVs); the inlet temperature and flow rate in each of
the external loops supplying chilled water, cooling water,
and hot flue gases; and the internal flow rates controlled by
the designer through various pumps and valves. When test-
ing the system for off-design behavior, the variation of these
fixed parameters under the control method should be taken
into account. All other parameters at the vanous state points
are unknown variables,

Specifying the heat transfer characteristics of exchange
units in terms of UAs and LMTDs is rather problematic in
ammonia-water systems and may lead to erroneous results.
The problem is related to the following equation:

@ = UA LMTD (1)

which is strictly valid only when the streams involved in the
heat transfer either have a constant heat capacity or are at a
fixed temperature, such as in phase change of a pure sub-
stance (Kays and London 1964). These conditions are not
satisfied in most ammonia-water systems, and Equation |
may be used only as an approximation, which is reasonably
good in some units but quite inaccurate in others. The non-
linearity of the temperature-enthalpy relation for ammonia-
water is more pronounced for a mixture containing predomi-
nantly one substance and less for one with an even content of
both substances. Therefore, using Equation 1 may lead to a
large error, particularly in the components employing the re-
frigernnt (evaporator, condenser, precooler); the error would
be much smaller in the absorber and desorber. Because of
this, it was decided to avoid specifying UAs wherever possi-
ble. In all the units involving external heat exchange loops,
the authors exercised the option provided by ABSIM to omit
those loops (along with the associated heat transfer equa-
tions) and instead specify outlet temperatures of the internal
working fluids. Accordingly, outlet temperatures of the re-
frigerant or solution have been specified in the evaporator,
condenser, rectifier, externally cooled absorber, and exter-
nally heated desorber.
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The UAs in the solution-cooled absorber (11) and the
solution-heated desorber (2) were calculated to give zero
subcool or superheat of the solution inlet into the absorber
{s.p. 6) and desorber {s.p. 21), Finally, the UAs in the GAX
absorber and desorber were sized 1o give a 9.0°F (5.0°C)
LMTD. It was found that in these units the conditions ap-
proximately support Equation 1. A particularly problematic
component is the precooler (10), where the behavior deviates
strongly from that expressed by Equation 1 due to the com-
position of the refrigerant evaporating on its low-pressure
side. The precooler is an important component to compen-
sate for imperfect rectification, yet small and relatively inex-
pensive to build. Therefore, it is reasonable to assume it
sufficiently large 10 evaporate all the liquid left over from the
evaporator, and even to superheat it, when conditions permit
(i.e., when the condensate temperature at state point 15 is
higher than the dry saturation temperature of the refrigerant
leaving the evaporator). Accordingly, and in the absence of
sufficient data on the properties of superheated ammonia-
waler mixtures, the outlet condition from the precooler at
state point 30 was specified as dry saturated (vapor quality of
1.0) when possible; otherwise, T(30) = T(15) or T(3) = T(29)
was specified, depending on the location of the pinch.

The outlet temperatures specified for the internal work-
ing fluids in the different units are typical under cooling con-
ditions: 50°F (10°C) for the refrigerant vapor outlet from the
evaporator, 108°F (42°C) for the weak solution outlet from
the absorber and the refrigerant liquid outlet from the con-
denser, and 149°F (65°C) for the refrigerant vapor outlet
from the rectifier. The strong solution outlet temperature
from the desorber has been specified as 383°F (195°C) 10
maintain some safety margin on the concentration and avoid
reaching the state of pure water,

The deviation from equilibrium at the outlets of the ex-
change units, characterizing mass transfer, has been assumed
to be zero for all the units except the condenser, where a
9.0°F (3.0°C) subcool is a reasonable assumption.

Two internal flow rates are controlled in the GAX cycle:
the pumped weak solution (s.p. 33-34), and the throttled re-
frigerant (s.p. 15-29-20). For the weak solution, the pumping
rate has been set to accommodate a fixed firing rate (external
heat input} in desorber 3 of 575 Btw/min (10,1 kW) (which
yields a cooling capacity of 3.0 RT at the design point). The
refrigerant flow rate is controlled by a thermostatic expan-
sion valve set to keep a fixed temperature difference of 9.0°F
(5.0°C) across the evaporator (between state points 20 and
3). A somewhat arbitrary, yet-to-be-optimized, value of 9.0
Ib/min (4.1 kg/min) has been selected for the water flow rate
in the GAX heat transfer loop at the design point.

Applying the ABSIM code to simulate the design condi-
tion yields the temperature, flow rate, concentration, pres-
sure, and vapor fraction at all 39 state points and the heat
duty and transfer characteristics at all 14 units. The resulting
eooling COP is 1.0443.
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RESULTS OF SIMULATION

In order to investigate the system's performance under
off-design conditions, it is necessary to establish a methog
by which to control certain operating parameters. Unlike iy
lithium bromide-water chillers, which normally operate with
a fixed pumping rate of the weak solution and a very simple
refrigerant expansion device, here it is necessary to contrg)
both the solution and refrigerant flows because of the high
pressures involved. The ABSIM code makes it possible i
trade some variables for fixed parameters and vice verss—,
desirable feature for certain types of simulations, particularly
for checking control strategies. As mentioned earlier, in the
basic control scheme selected in this study for the GAX heat
pump, the pumping rate of the weak solution is set 1o accom-
modate a fixed firing rate (external heat input) in the des-
orber; the refrigerant flow rate is controlled by a thermostatic
expansion valve set to keep a fixed temperature difference
across the evaporator; and the water flow rate in the GAX
heat transfer loop is maintained fixed. Other control
schemes, which proved not as efficient, have been tried un-
der the simulation. They will be discussed briefly later.

Using the basic control scheme, the effect of the ambi-
ent temperature on the cooling performance was investigated
first. The heat rejection temperature at the absorber and con-
denser [T(15) = T(33), set to 108°F (42°C) at the design
point] was varied while keeping all other parameters fixed at
their design condition values (Table 1). Figure 2 describes
the cooling COP and capacity as functions of this tempera-
ture, The COP is defined here as the ratio of heat duties be-
tween the evaporator (1) and the externally heated desorber
(3). The heat rejection temperature was varied over the range
from 90°F to 130°F (32°C 1o 54°C), which represents a wide
range of ambient temperatures under cooling conditions. Ii is
evident that both the COP and capacity decrease with the in-
creasing ambient temperature, as expected, and the decrease
is almost linear. Figure 3 describes the flow rates of the weak
and strong solutions and of the refrigerant [F(33), F(36), and
F(10), respectively]. The flow of refrigerant decreases with
the increasing ambient temperature at a rate corresponding o
the decrease in capacity; the weak solution (pumped) flow
rate decreases, and the strong solution (return) flow rate in-
creases so as to close the gap between them, this gap corre-
sponding exactly to the flow of the refrigerant. The
concentration gap between the weak and strong solutions
follows the same trend, Note that at 90°F (32°C) the strong
solution is almost pure water under the given conditions.
Figure 4 shows the concentrations of the refrigerant before
and after rectification. It is evident that as the ambient tem-
perature increases, the water content at the desorber exit in-
creases significantly. The rectifier is able to cope with it and
produce a distilled refrigerant stream containing less than
1% water over the entire range of heat rejection tempera-
tures. It can be seen that the degree of purity improves
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TABLE 1
Characteristic Parameters at Design Point for GAX Cycle

! Temperatures:

Refrigerunt outlet from evaporator (s.p. 3):
Refrigerant outlet from condenser (s.p, 15):
Refrigerant outlet from rectifier (s.p. 10):
Weak solution outlet from absorber (s.p. 33);
Strong solution outlet from desorber (s.p. 36):

Mass Flow Rates:

S0°F {10°C)
108°F (42°C)
149°F (65°C)
108°F (42°C)
383°F (195°C)

GAX coupling water loop (s.p. 4-5) 9.0 Ib/min (4.1 kg/min)

Weak solution (5.p 33)—pumping controlled to accommodate fixed heat input

in desorber 3,

Refrigerant (s.p. 15)—flow controlled by thermostatic expansion valve 6
to keep a fixed 9.0°F (5.0°C) difference across the evaporator,

1
i Heat Quantities:

! Desorber firing rate:
]

Heat Transfer Characteristics (UA):

Solution-cooled absorber (unit 11):
GAX absorber (unit 5):

GAX desorber {unit 13):

3750 Bow/min (10.1 kW)

8492 Bw/min -°F (269 W/°C)
39.64 Brw/'min-"F {1254 Wr°C)
2287 Bo'min+“F (72 W/°C)
39.64 Btw/min-*F (1254 W/*()

Precooler {unit 103—U/A sufficient to keep refriperant at outlet

]
[
l Solution-heated desorber (unit 2):
]
|

(s.p. 30) dry saturated
Other Cycle Characteristics:

Refrigerant at condenser outlet (s.p. 15) subcooled by 9.0°F (5.0°C);
all other liquid and vapor outlets from exchange units—in equilibrium.

i i

~ slightly with the increasing ambient temperature. This is
 achieved at the cost of an increasing heat duty in the rectifier,
- as will be shown later, which contributes to the decrease in
- COP with increasing ambient temperature.
| Figure 5 describes the heat duty under the cooling mode
- at some key components of the system as functions of the
~ heat rejection temperature. As the ambient temperature in-
- creases, the external heat input into the desorber (3) remains
fixed at the design value of 575 Btw/min (10.1 kW), and the
~ heat taken up by the evaporator (1), representing the cooling
- capacity, decreases as seen before. A marked decrease is ob-
-served in the heat exchanged between the two GAX compo-
- nents—absorber (5) and analyzer (13). This is a major
~ contributor to the decrease in COP and is also manifested by
& decrease in the concentration gap between the weak and
- strong solutions, which leads to a narrower temperature
- overlap between the absorber and desorber. 1t is this temper-
ature overlap that makes GAX possible. A somewhat smaller
contribution to the decreasing COP comes from the rectifier,
- where the heat duty increases significantly with the ambient
lemperature, as discussed earlier. Relatively small changes
are observed in the heat dutics of the solution-cooled ab-
sorber (11) and solution-heated desorber (2). The amount of
heat transferred in the precooler is one of the smallest, and it
decreases with the increase in heat rejection temperature. It

ASHRAE Transactions: Symposia

should be recalled that in conducting the simulation, the pre-
cooler size was specified large enough to keep the refrigerant
exiting at state point 30 dry saturated whenever possible; this
was, in fact, found possible over most of the heat rejection
temperature range, except at 90°F to 100°F (32°C to 38°0),
where the condensate temperature T(15) is too low for that
(refer to the discussion in the previous section). In fact, with
a precooler sized to transfer the heat under the more severe
conditions, the refrigerant is likely to exit superheated at the
higher heat rejection temperatures,

A cooling capacity decreasing with increasing ambient
temperature is not desirable because the building cooling
load follows just the opposite trend, It was therefore at-
tempted to test, under the simulation, other control methods
that may help correct this behavior. Three changes to the ba-
sic (design) control scheme were attempted; (1) using a ther-
mostatic expansion valve (TXV) to control the refrigerant
flow rate as in the design control scheme, but with a different
fixed value of the temperature difference across the evapora-
tor; (2) replacing the TXV with a control valve, which keeps
the low pressure constant; and (3) replacing the TXV with a
control valve, which keeps the refrigerant flow rate constant,
Figure 6 describes the cooling COP obtained under these
conditions as a function of the heat rejection temperature.
Note that the capacity is exactly proportional to COP since
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the firing rate (external heat input) is constant. In comparing
~ the results of the changes with the original control scheme, it
- 15 evident that the TXV with the smaller AT across the evap-
~ orator (4.5°F [2.5°C] instead of 9.0°F [5.0°C]) improves the
COP over the entire range of ambient temperatures. This
would also result in a larger capacity and would reguire
larger heat exchangers. Controlling the refrigerant flow to

maintain the low-pressure constant yields results that are al-

most identical to those of the basic scheme; this is therefore a
possible alternative to the TXV under cooling conditions.
 Keeping the refrigerant flow constant originally seemed
- promising, since it helps maintain an almost fixed COP and
- capacity under varying ambient conditions. However, when
- doing so0, the low pressure rises with increasing heat rejec-
~ tion temperature, and the temperature glide in the evaporator
~ is reduced until, at some temperature, one can no longer op-
erate.

The performance of the cycle under the heating mode
was investignted next. Employing the basic control scheme,
the evaporator outlet temperature [T(3) = T(27) = T(28), sel
to 50°F (10°C) at the design point] was varied while keeping
all other parameters fixed at their design condition value (Ta-
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Figure 7  Heating COP and capacity as functions of the

evaporator outlet temperature. Conversion fac-
tor: kW = 0.01757 Brw/min.

ble 1). Figure 7 describes the heating COP and capacity as
functions of this temperature. The heating capacity is de-
fined by the sum of the heat quantities rejected from the ab-
sarber (12), condenser (4), and rectifier (7), and the heating
COP is the ratio between this capacity and the heat supplied
to the externally heated desorber (3). The evaporator outlet
temperature  was varied over the range from 20°F to 85°F
(—=6.7°C to 29.4°C), which represents a wide range of ambi-
ent temperatures under heating conditions (as will be shown
later, the cycle deseribed in Figure 1 cannot operate at lower
ambient temperatures due to the loss of GAX capability, and
a different cycle must be used). It is evident from Figure 7
that both the COP and capacity increase almost linearly with
increasing ambient temperature, as may be expected. Figure
B describes the flow rates of the weak and strong solutions
and of the refrigerant [FF(33), F(36), and F(10), respectively].
The flow of refrigerant increases with the increasing ambient
temperature at a rate corresponding tothe increase in capac-
ity; the weak solution (pumped) flow rate increases and the
strong solution (return) flow rate decreases, thus opening the
gap between them; this gap corresponds exactly to the flow
of the refrigerant. The concentration gap between the weak
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and strong solutions follows the same trend. Figure 9 shows
the concentrations of the refrigerant before und after
rectification. It is evident that as the ambient temperature de-
creases, the water content at the desorber exit increases sig-
nificantly. This refrigerant stream is distilled by the rectifier
to a practically constant concentration of 99.57% ammonia
over the entire range of heat rejection temperatures. This
concentration is determined by the high pressure and the rec-
tifier outlet temperature, both remaining constant,

Figure 10 describes the heat duty under the heating
mode at some key components of the system as functions of
the evaporator outlet temperature, As the ambient tempera-
ture decreases, a marked decrease is observed in the heat ex-
changed between the two GAX components, absorber (5)
and analyzer (13). As observed also under the cooling mode,
this is a major contributar to the decrease in COP and is
manifested also by a decrease in the concentration gap be-
tween the weak and strong solutions, leading to a narrower
temperature overlap between the absorber and desorber, At
the low limit of the range selected for the evaporator outlet
temperatures (20°F), it may be séen from Figure 10 that
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Variation in refrigerant concentration before
and after rectification with the evaporator out-
let temperature under the heating mode.

Figure 9

GAX capability is lost almost completely. To operate at still
lower ambient temperatures, it would be advantageous to
switch to a liquid heat exchange (LHE) cycle, with an ab-
sorber comprising an externally cooled and a solution-cooled
part, a desorber comprising an externally heated and a solu-
tion-heated part, and a recuperative heat exchanger for the
weak and strong solution streams flowing between them.
Figure 10 also indicates a significant decrease in the heat
duty of the rectifier with the increase in ambient tempers-
ture. As in the cooling mode, relatively small variations are
observed in the heat duty of the solution-heated desorber (2),
while there is a decline in the heat duty of the solution-
cooled absorber (11). The amount of heat transferred in the
precooler remains one of the smallest in the cycle.

In the analysis so far, an equilibrium condition has been
assumed for both the liquid and the vapor streams at the exit
of each unit (except for the condenser). It is known that a de-
viation from equilibrium in a unit where there is an exchange
of heat and mass is characteristic of imperfect mass transfer
and generally hurts performance. It is relatively casy by
proper design to keep the liquid close to equilibrium. The va-

ASHRAE Transactions: Symposia

e



Evaparator Outlet Temperature (C)

-5 0 5 10 15 20 25
Eﬂﬂ — T T T T T
fJ'
o
i
500 - ”
GAX -
r 4
,
L
i
Fi
400 + ’
F
. E
3 _E ’f
& 4
rd
) g 300 :___________-_‘ ,f
~ '~ Solution-cooled
| ST
e
200 |- P ~
0 i 1 " 1 i 1 i i i 1 A |
20 30 40 50 &0 70 80
Evaporator Outiet Temperature (°F)

Figure 10 Heat duty of various components as a function
aof the evaporator outlet temperature under the
heating mode. Conversion factor: kW =
0.01757 Btw/min,

por, however, has poor heat transfer characteristics and is
therefore unlikely to reach equilibrium at its outlet. Consider,
~ for example, the solution-heated desorber (analyzer 2) in
- Figure 1. The inlet and outlet temperatures of the liguid solu-
tion in this unit under the design condition are 243.4°F
(5.p.35) and 270.9°F (s.p.37), respectively. Vapor generated
- from the liquid in this desorber, under extremely poor heat
transfer between liquid and vapor, would be at approxi-
- mately the average between these two tempemtures, ie.,
- 257.1°F (125.0°C). This vapor would exit at s.p. 17 at this
lemperature rather than in equilibrium with stream 35, ie.,
superheated by 13.7°F (7.6°C). A similar condition would
exist in desorber 3, analyzer 13, and rectifier 7. The reverse
situation, i.e., a subcooled vapor condition, would prevail at
the outlets of the absorber in analyzers 11 and 12. Figure 11
~ describes the cooling COP as a function of the heat rejection
lemperature as in Figure 1, for two conditions. In one, the
deviation from equilibrium is zero everywhere except for the
condenser, as set in the design condition (Table 1); in the
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Figure 11 Effect of deviation from equilibrium on the

COP under the cooling mode; 9.0°F = 5.0°C

other, a deviation from equilibrium of +9.0°F {+5.0°C) has
been specified for the vapor at the outlet from units 2, 3, 7,
and 13, and -9.0°F (~5.0°C) at the outlet from units 11 and
12. All other parameters remain the same. The deterioration
in performance due to the equilibrium deviation is evident.
The effect of the water flow rate in the GAX heat trans-
fer loop was investigated next. Recall that this flow rate has
been set rather arbitrarily to 9.0 Ib/min (4.1 kg/min) at the
design condition and maintained fixed throughout the former
runs. Here it was varied over a wide range of values while
keeping all the other parameters fixed at the design point val-
ues. Figure 12 describes the cooling COP as a function of
this flow rate, showing an optimum at about 6 Ib/min. The
COP decreases gently for larger flow rates and rather sharply
for smaller flow rates. The reason for the optimum stems
from heat transfer considerations and may be understood by
following the schematic temperature diagram in Figure 12. It
shows a Lorenz-type plot of the solution temperatures in the
GAX absorber and desorber, with the heat transfer loop be-
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Figure 12

tween them. The slope of this loop in the plot depends on the
flow rate in it—the larger the flow rate, the gentler the slope
[smaller difference between T(5) and T(4)] and vice versi.
Too large of too small a flow rate would create a pinch at ei-
ther end; the best conditions for heat transfer would be
achieved with a flow rate yielding a slope appropriately in
the middle. The optimum flow rate is expected to vary under
different operating conditions.

Additional simulation runs were performed to study the
behavior of the rectifier. The rectifier outlet temperature
T(10) was varied between two limits: the desorber outlet
temperature and the condensing temperature. As expected,
the purity of ammonia in the refrigerant stream increases as
T(10) decreases, but a higher heat ofrectification is required.
Thus, by raising the rectifier temperature, a small increase in
COP may be gained but the water content in the refrigerant
increases, which leads to a large temperature glide in the
evaporation. It may be of advantage to study the tradeoffs in
rectification further.
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SUMMARY AND CONCLUSIONS

Performance simulation was conducted for the GAX cy-
cle employing ammonia-water in the configuration proposed
by Phillips (1990), to serve as a gas-fired heat pump for do-
mestic and light commercial applications. A design point
was established as a reference condition, for a system to de-
liver 3 RT (10.54 kW) of cooling under normal summier con-
ditions. The simulation was performed over a wide range of
ambient conditions under both heating and cooling modes;
the COP and capacity were calculated along with the internal
flows and concentrations of the solution and refrigerant,
Several methods of controlling the flows were considered.
The influence of some of the design parameters was investi-
gnwd.sunhuﬂmﬂuwmminthef}ﬂhealwmfm‘[gq;, - 2
Additional investigation is required on the control method,
including the flow rates of solution and refrigerant and per- >
haps the firing rate. The optimum flow rate in the GAX heat
transfer loop under different operating conditions should be
explored. For operating in the heating mode at very low am-
bient temperatures, a switch is necessary from the GAXtoa =
different cycle such as LHE, and the performance of this ¢y ;
cle under those conditions should be studied. e
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