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ABSTRACT

Tvo heat pump cycles operating vith halogenated hydrocarbon mixtures are considered. Each
cycle promotes vastly extended ranges of capacity control by composition shift. Further the
Coeficient of Performance {COP) increases up to 502 under extreme temperature lifts when
Teciprocating compressors are employed. This is due to a reduction of the pressure ratio by a
factor of more than two.

INTRODUCTION

Currently the application of nonazeotropic mixtures (or better: zeotropic mixtures) in heat
punps and air conditioners is being studied in several laboratories (Stoecker 1981). Zeotropic
mixtures offer two sdvantages compared to the usual single refrigerant systems: (1) capacity
control due to adjustment of composition, and (2) performance improvement due to gliding
temperatures in the evaporator and condenser.

Despite the advantages of these two features, they limit each other so that neither can be
exploited to the fullest extent. Capacity control, which means control of the suction side
pressure, independent of evaporator temperature, calls for a refrigerant mixture of components
vith boiling points as far apart as possible. On the other hand, the gliding temperature
interval should not exceed a range of approximately 30 F (16 K) for practical reasons. For a
mixture of components with very different boiling points, this limit will be exceeded due to
the inherent requirement that all liquid must evaporate. These mutual restrictions are
overcome by so called "heat pump cycles with solution circuit"”.

1f capacity control is to be achieved by adjustment of composition to any significant
extent, then the boiling points of the two refrigerant components have to be as far apart in
temperature as possible. As outlined above, this would result in excessively large gliding
temperature intervals. Hovever, these temperature intervals can be deliberately reduced to an
acceptable size (or eliminated almost completely) vhen we eliminate the requirement that all
liquid in the evaporator must evaporate. The remaining liquid portion is then circulated into
the condenser by means of a circulation pump. Figure 1 shows the schematic of such a heat pump
cycle. (Superimposed is & pressure-temperature diagram, so that the relative location of such
main heat exchangers vhich include a phase change of the working fluid is indicative of the
prevailing temperature and pressure levels.) As in a conventional heat pump, there are four
main components: evaporator, compressor, condenser, and expansion device. In addition, a
second liquid line with a pump is provided, circulating the liquid remaining in the evaporator
into the condenser. With two liquid streams available (one from the condenser to the
evaporator and one from the evaporator to the condenser), it is advisable to bring them into
heat exchange for better performance of the cycle. In order to achieve the gliding temperature
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interval to the fullest extent thermodynmamically possible, the solution stream entering the
condenser has to be in heat exchange with the condensing fluid first, and then it is released
into the condenser to undergo the phase change. The analogous could be provided in the
evaporator as wvell, This is not included in the considerstion here, since for a heating
application the temperature interval im the evaporator is not crucial. A more detailed
consideration of this cycle reveals that the evaporator is converted into s desorber snd the
condenser into an absorber, components that are commonly thought of as being reserved for
absorption heat pumps only., In contrast to absorption heat pumps the input of availability is
in the form of work mot heat.

The cycle described vas origimslly proposed sbowt 30 years ago (Altemkirch 1950) and is
novw real ized in a district heatimg system (Mucic 1983). It is uuder investigation in s
laboratory in Switzerlamdé (Stockar 1985). That work focused on smmonis—water as the vorking
fluid pair because the thermophysical properties are very favorable. Of course any mixture is a
possible candidate.

eat le with Two Stage lution Circui

The boiling points of the two components may be far apart. The resulting large range in
boiling temperatures can be covered at constant pressure by varying composition (solution
field), and can accommodate tvo loops built by an absorber, desorber, pump, and 1iquid heat
exchanger, both of them simulatneously served by the same compressor. A possible configuration
is shown in Figure 2. The hest relessed by the first stage absorber is supplied to the
desorber of the second stage: the desorber of the first stage sxtracts heat from an out side
source and the absorber of the second stage rejects heat to anm outside siak. This
configuration is especially useful vhen large temperature l1ifts ace required at very low
pressure ratios. These cycles are discussed in more detail by Alefold (1982).

In this paper the potential of halogenated hydrocarbon mixtures is explored as vorking
fluid for the described cycles, their performance is evaluated, and compared to the performance
of a cycle uvsing & conventional zeotropic mixture of the same constitusnts.

Calculation Procedure

All calculations are based om az squation of state that has been adapted to accommodate
refrigerant mixtures Morrisom (1985). The equation allows for the calculation of all
thermodynamic and caloric properties im the liguid, vapor, and tvo-phase region, fitting only
one parameter to account for mixture effects. For each state point (numbered in Figure 1), the
compositions of the liquid and vapor phase, the pressures, temperatures, eathalpies and flow
rates have been calculated, assuming saturated conditions at desorber and absorbder outlets.
The flov rates are based on ome mole of vapor passing through the compressor. A set of values
is given in Table 1 as an exsmple. The numbers assigned to the state points in Table 1 refer
to those shown in Figure 1. Based on these data enthalpy and mass balances are performed for
each heat exchanger and the samomnt of heet exchanged is calculated.

It is assumed that the liguid-liquid heat exchanger has an infinite azea. The efficiency
of the pump is set to 0.7 and the volumetric efficiency n of the compressor is calculated
according to:

v

n=1-mu(-%-1) (1)
Vd ”

vhere m is the fraction of clearance volume/total volmme for the cylinder, and V  and V4 are

the specific volumes st the smctios and discharge side of the compressor, respectively.

Table 2 shows & set of thermodynamic data for the two—stage cycle. The ambers assigned
to the state points in table 2 refer to those in Figure 2. Here the calculation is based oan
one mole of vapor generated -in each evaporator. Then the requirement 'is lntroduced that the
amount of heat released by the low temperature absorber has to match the heat required by the
high temperature desorber. The flowrates in the high temperature cycle are adjusted
accordingly. This requires a somevhat lengthy iterative process since the vapor mixture
entering the compressor changes as vell. Once the iteration converged the amounts of heat
released or absorbed by each component is calculated under consideration of the changed mass
flow rates
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Results and Discussions

The calculations conducted here were performed for a rather conventional mixture,
R114/R22. This mizture was selected because sufficient dsta are knovn, and the equation of
state therefore produces Teasonably accurste valuss. Another reason for selection of R22/R114
is that its performance can be evaluasted as a coaveantionsl zeotropic mixture for comparison.
Threeo cases are considered: a zeotropic refrigerant mixture, the single—stage heat pump with
one solution circuit, end the two-stage version with two solution circuits.

In the case of the single-stage heat pump, the gl iding temperature in the condenser was
required not to exceed 18 F (10 K). In the two—stage heat pump, the composition shift, AX,
wvas fized at AX = Q.1 in order to 1imit the required iterations. All calculations were
performed for s lowest desorber temperature of 122 F (S0°C) and for the two highest evaporator
temperatures of 47 F (8°C) and -4 F (-20°0C).

Figure 3 shows the available gl iding temperature intervals for all cases. At intermediate
R114 concentrations the conventional zeotropic mixture cycle (denoted by circles im Figure 3)
produces an excoessively large temperature interval (up to about 35 F (19 K)). Therefore, this
mixture can hardly be used over the emtire composition range in conventional heat pump cycles.
Accordingly, the wide range in potentisl capacity adjustment cannot be utilized. In case of.
the single—stage cycles (open triangles), the gliding temperature range for compositions high
in R22 or Ri14 is the same as for the comventiomal cycle. For intermediate compositions the
gliding temperature range is 18 F (10 X) as chosen. The two-stage cycle (black triangles) has
s gliding temperature range grouped around 18 F (10 K). The composition indicated on the graph
is the one of the strong absorbent of the low temperature stage.

Figure 4 shows the heating COP for all three heat pump cycles. Also the performance for
pure R114 and pure R22 is calculated twice assuming saturated fluid leaving the evaporator and
condenser. (This causes the COP of R114 to drop below the expected value vhich would be close
to the one of pure R22 [ASHRAE 1981] if the R114 would be superheated at the evaportor outlet.)
The first calculation accounts for the fact, that for a meaningful comparisom, the pure
camponsnts should schieve the same highest and lowest temperatures as the cycle with single
stage solutiom circuits (open squares). The second calculation does not account for this fact
(AT = 0 always, full squares in all figures). These twvo sets of results for the pure
components show two facts: firstly, the degradation of the COOP due to increased temperature
1ift, and secondly the benefit gliding temperatures, sspscially in conjunction with solution
circuits, do provide. The cycles with solutiom circuits exhibit a consistently higher COP than
the pure components for the same temperatures. The COP does hardly depend on compositios,
vhile for the zeotropic mixtures a significant dependence on composition is found.

For the higher evaporator temperature, the single and tvo-stage cycles show an increase in
COP of up to 17% compared to R22 (open squares). The reason for this performance increase is
mainly due to the gliding temperature interval. This allows to achieve higher condenser
temperatures vithout increasing the pressure ratio as much as it is the case for pure
components.

At the lower evaporator temperature the two-stage cycle is superior to amy other case, and
achieves a performance increase of up to 50% compared to R22 (open square). The Carmot OOP in
this case wvould be 4.2, wvhen accounting for the gl iding temperatures (Lorentz Cycle). This
increase in performance is mainly due to the very low pressure ratio of this cycle.

Figure 5 shows that the pressure ratio for all three cycles depends on composition The
pressure ratioc of any solution circuit cycle is lower than the one for either pure component.
VWhile the pressure ratio for the conventionasl zeotropic mixture shows a peak in much the same
way as its gliding temperature interval, exhibits the simgle—stage versiom aa almost constant
pressure ratio. Ia contrast the pressure ratioc of the two—-stage cycle is extremely lov.
Although heat is pumped from =4 F (-20°C) to 122 F (50°C) plus the AT of about 18 F (10 K) the
pressure ratio to be overcome by the compressor and pumps is never higher than 35. This low
pressure ratio allows the two-stage cycle to achieve a reasonable volumetric efficiency inm
reciprocating compressors, even under extreme conditions. Thermodynamically the low pressure
ratio can be explained in the followimg way. If a heat pump works with a fluid having s vapor
pressure curve of an extremely flat slope, the required pressure ratio is lovw, and due to
Clapeyron's relation the latent hoat, and therefore the capacity are low too. Applied to this
case, for each mole evaporated from the first—stage desorber, the compressor has to compress a
second mole ovaporated from the second-stage desorber. Figure 6 shows the capacities achieved

by each cycle. The capacity of the tvo-stage cycle is at least 50% lower than the ome of the
pure R22,
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TABLE 1

Properties of Fluid Streams for the Cycle with Single-Stage Solution Circuit.
(The numbers of the first column are the same as in Figure 1.)

liq. comp. vap. com liq. vap. vap. liquid

No T(K) P(kPa) (mole fract. (mole fact. enthalpy enthalpy entropy flow rate

R 114) R 114) (kJ/Rmol) (kJ/Kmol) (kJ/Kmol K) mole lig.

wole vap.
1 253.15 169.2 .500 132 3512 21965 91.282 0.78

2 349.93 155 .4 -— 132 -- 26942 91.283 --
3 333.17 155.4 .500 - 14569 - - 0.78
4 323.15 155 .4 293 - 11791 - - 1.78
6 249.68 169.2 .362 091 7676 - - --
7 - 155 .4 293 - 7676 - - 1.78
8 323.15 1556.4 .500 - 13071 - - 0.78
TABLE 2
Properties of Fluid Streams for the Cycle with Two-Stage Solutiom Circuit
(The numbers of the first column indicate the statepoints of Figure 2)

liq. comp. vap. com liq. vap. vap. liquid

No T(K) P(kPa) (mole fract. (mole fact. enthalpy enthalpy entropy flow rate

R 114) R 114) (kJ/Rmol) (kJ/Kmol) (kJ/Kmol K) mole liq.

mole vap.
1 288.90 202.8 .948 .750 9335 22372 114.42 0.99
2 319.90 705.9 - 484 - 29117 103.99 -
3 334.48 705.9 <948 - 17182 - - 0.99
4 323.15 705.9 .848 - 14763 - - 1.99
6 283.44 202.8 .905 .598 11890 - -- -
7 - 705.9 .848 - 11890 - - 1.99
8 323.15 705.9 .948 - 15181 - - 0.99
11 253.15 202.8 .300 079 3198 21570 88.13 1.21
13 291.70 705.9 .300 - 7781 - - 1.21
14 288.90 705.9 <200 - 6909 - - 2.21
16 251.36 202.8 .215 .060 4612 - - --
17 - ~ - 705.9 .200 - 4612 -— - 2.21
18 288.90 705.9 .300 - 7436 - - 1.21

The total vapor flow rate thrdugh the compressor is 2.52 moles due to
solution circuits by heat exchange.
1.52 soles by the high temperature loop.

the coupling of the two
One mole of vapor is supplied by the low temperature loop,
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