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Abstract

An experimental heat pump system that included a distillation column, accumulator/sump, and heater was experimentally

investigated using two different working fluids, R32 and a mixture of R32/134a. Performance variations with changes in sump

heater power, condenser and evaporator heat transfer fluid flow, and compressor speed were examined. Heating capacity

generally increased with increases in the factors tested. Heating capacity increases were generally smaller with the R32/134a

tests than with the R32 tests, except with variations in sump heater power. An increase in sump heater power caused a

pronounced increase in the circulating R32 concentration during the mixture tests, and the heating capacity increased markedly.

The increase in heating capacity with sump heater power during the R32/134a tests was on par with the increase with

compressor power during these same tests. The increase in capacity with sump heater power during the R32/134a tests also was

substantial even when compared with the capacity increase with compressor speed during the R32 tests.
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munie d’une colonne à distillation
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1. Introduction

Ozone depletion, global warming, and efficient energy

usage have been the primary motivations for recent vapor-

compression-cycle heat pump research. The need for

alternatives to traditional CFC and HCFC refrigerants

(e.g., R22) has led to consideration of refrigerant mixtures

as replacement alternatives. In addition to replacing

environmentally damaging pure fluid refrigerants, zeotropic

mixtures present potential thermodynamic cycle advantages.

The first advantage of using a zeotropic mixture in a

vapor-compression-cycle heat pump is related to the glide-

temperature-difference (GTD). As a zeotropic mixture

transitions from one phase to another, the temperature of

the mixture changes. In a condenser and/or an evaporator, if

the refrigerant temperature glide is matched to the heat

transfer fluid (HTF) temperature glide due to sensible heat

change, then the effective temperature difference between

the refrigerant and HTF can be reduced (Fig. 1). Mulroy
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et al. [1] and Domanski et al. [2] demonstrated that ‘glide

matching’ tends to decrease irreversible heat transfer and

increase the coefficient of performance (COP).

The second advantage of using zeotropic mixtures is that

changing the overall composition of the circulating

refrigerant can modulate heating capacity. Cooper and

Borchart [3] and Gromoll and Gutbier [4] showed that

increasing the volatility of the circulating refrigerant will

tend to increase heating capacity. If heating capacity is

increased when the outdoor air temperature is below where

capacity matches load (‘balance point,’ Fig. 2), then less

auxiliary heating is needed. Electrical resistance heat, which

has a COP of unity, is often used to supply the additional

demand. Therefore, increasing heat pump capacity at lower

ambient temperatures benefits electrical customers and

reduces peak electrical demand.

Rothfleisch [5] experimentally showed that when a heat

pump was charged with a refrigerant mixture, decreasing

outdoor air temperature shifted the circulating refrigerant

composition toward the more volatile component, and the

less volatile component was preferentially stored as liquid in

the accumulator. Consequently, the capacity decrease with

outdoor air temperature was attenuated because the

refrigerant in the evaporator could absorb heat more easily.

Rothfleisch also showed that a properly placed distillation

column (along with an additional heat source) could be used

to enhance the composition shift and further attenuate the

capacity decrease.

The type of refrigerant used in a heat pump is only one of

several design parameters. Others include the compressor

displacement, compressor speed, heat exchanger sizing, and

so on. However, work, comparing composition shifting with

other design parameters was not found in the open literature.

The goal of the present investigation was to experimentally

examine performance variations due to composition shifting

in the context of a modest list of design parameter

variations. The experimental system was of a similar design

to Rothfleisch [5] so that distillation parameters could be

included in the investigation.

2. Experimental apparatus and procedures

The distillation heat pump (DHP) system constructed for

this research consisted of a vapor compression cycle loop

and two water–ethylene glycol HTF loops (Fig. 3). A

variable-speed reciprocating compressor was used to pump

the refrigerant. The condenser and evaporator were counter-

flow heat exchangers and each was composed of annular

tubes. Refrigerant flowed through the center tube and the

Nomenclature

COP coefficient of performance (–)

cpf constant pressure specific heat of the HTF

(J/kg K)

EOT end of test (–)

GTD glide temperature difference (–)

HTF heat transfer fluid (–)

M̂i molar mass of component i (g/mol)

_mcd HTF mass flow rate through the condenser

(kg/s)

_mev HTF mass flow rate through the evaporator

(kg/s)

_mf HTF mass flow rate (kg/s)

_qcd condenser heat transfer rate/capacity (W)

_qev evaporator heat transfer rate/capacity (W)

_qsp sump heater input power (W)

rpmcp compressor speed (revolutions/min)

s entropy (kJ/kg 8C)

T temperature (8C)

Tf;cd HTF temperature in the condenser (8C)

Tf;ev HTF temperature in the evaporator (8C)

Tfin heat exchanger HTF inlet temperature (8C)

Tfout heat exchanger HTF outlet temperature (8C)

Tr;cd refrigerant temperature in the condenser

(8C)

Tr;ev refrigerant temperature in the evaporator

(8C)

tcp compressor shaft torque (N m)

_wcp compressor power (W)

zsample R32 mass fraction of the sample analyzed by

the gas chromatograph (–)

Fig. 1. Glide matching of refrigerant and HTF temperature profiles.

Fig. 2. Building load/capacity modulation benefit.
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HTF flowed through the finned annular portion. A more

detailed description of the heat exchangers may be found in

Refs. [6,7]. The expansion device was a needle valve. A

distillation column, refrigerant storage accumulator, and

electrical heat source were incorporated into the refrigerant

loop in the manner prescribed by Rothfleish [5]. In fact, the

column was the same as that used by Rothfleish and design

details for that column may be found in the cited reference.

The distillation accumulator sump was constructed from

a copper pipe. The sump volume was approximately 5 l, and

the level inside was monitored using a gage-glass. An

electrically powered cartridge heater, to generate vapor for

the distillation column, was mounted in the bottom of the

sump.

Ten ports were provided on the compressor discharge

line for sampling refrigerant. Samples were drawn from this

location to ensure that the refrigerant was a single-phase

vapor, as required for sample analysis by gas

chromatography.

A turbine pump provided flow through each HTF loop,

and elevated ‘flow-through’ expansion tanks were installed

in each HTF loop. Each expansion tank served as a surge

volume, provided pump suction head and, because HTF

flowed through them, a simple means of adjusting HTF

thermal mass. Flow rates through the HTF loops were

measured using Coriolis effect flow meters.

HTF inlet temperatures to the condenser and evaporator

were controlled by overcooling, using chilled water in the

condenser HTF loop and an R134a chiller unit in the

evaporator loop, then re-heating using variable electric

immersion heaters.

Temperature measurements throughout the system were

made using type-T thermocouples. Thermopiles, consisting

of 10 type-T thermocouples immersed directly in the HTF,

were used to measure sensible heat change across the heat

exchangers.

Two working fluids were used. The first was R32 and the

second was a 30/70% by mass mixture of R32/134a. A full

factorial design [8] experiment with two levels per factor

was used for each fluid. The four independent variables

tested were: sump heater input power, evaporator HTF mass

flow rate, condenser HTF mass flow rate, and compressor

speed.

The factorial design required that each independent

variable (i.e., factor) have two settings. The low/high sump

heater power, condenser and evaporator HTF mass flow, and

compressor speed settings were 25/100 W, 0.08/0.16 kg/s,

and 800/1000 rpm, respectively. The values of these settings

Fig. 3. Experimental distillation heat pump.
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were chosen as a result of preliminary system tests using

R134a [9]. Each set of 16 tests (one set per fluid) was

conducted in random order to minimize hysteresis.

All tests were performed at a low evaporator HTF inlet

temperature heating condition, a moderate room ambient

condenser HTF inlet temperature, and with the same

charged mass of R32. The nominal evaporator HTF inlet

temperature, condenser HTF inlet temperature, and R32

charge were 27 8C, 20 8C, and 1500 g, respectively.

Ideally, experiments of this sort would be run until the

system reached steady state and the results would be

reported as such. However, transient testing with this system

[10] showed that, particularly when charged with a

refrigerant mixture, ‘steady state’ was difficult to identify.

The typical indicators: rates of system change and system

energy balance were not dependable. For this reason, data

for each test were obtained after the system was placed in a

reliably repeatable initial condition and run for the same

duration (1 h).

The heat pump was operated at the conditions to be

tested until the capacity and sump level were relatively

steady. The heat pump was then shut down with the HTFs

still flowing and the heat exchanger HTF inlet temperatures

maintained constant. The compressor was intermittently

‘jogged’ to pump as much liquid refrigerant as possible to

the sump. After jogging the refrigerant into the sump, the

compressor was started, and performance data obtained after

one hour. This ‘one hour’ data set is referred to as the end-

of-test (EOT) data. It is not described as steady state because

the system had not reached equilibrium during some of the

tests.

Some of the data to be reported from this work were read

directly from the instrumentation used (e.g., sump heater

power, sump liquid level, and compressor speed), while

others required supplemental calculations. Details can be

found in Ref. [10].

With the torque and speed of the compressor shaft

available from the transducer data, compressor power was

calculated using

_wcp ¼ tcprpmcp ð2Þ

The heat exchanger capacity calculations were based on the

sensible heat change and mass flow of the HTF.

_q ¼ _mfcpf ðTfout 2 Tfin Þ ð3Þ

The temperature differences were measured by the thermo-

piles across each heat exchanger.

COPs were calculated using

COP ¼
_qcd

_wcp þ _qsp
ð4Þ

The sump heater power is included in the denominator of

Eq. (4) so that the tradeoff between an increase in sump

heater power and increased system performance could be

easily evaluated.

A thermal conductivity type gas chromatograph was

used to determine the mass fractions of the constituents in

the refrigerant samples. Reference data were obtained from

an analysis of each pure fluid.

The root-mean-squared (RMS) uncertainty [11] and

experimental repeatability of the data were examined. The

uncertainties in condenser and evaporator capacities, and

compressor power were found to be ^1.5%. The uncer-

tainty in COP was ^2%. The uncertainty in R32 mass

fraction in an R32/134a mixture was found to be ^0.5% by

mass R32. The experimental repeatability in condenser

capacity, compressor power, and COP were ^1%, and the

repeatability in evaporator capacity was ^2.5%.

The uncertainty and repeatability of the independent

variables (_qsp; _mcd; _mev; and rpmcp) and nominally constant

HTF inlet temperatures were also examined. The uncer-

tainty in sump heater power was ^0.5%, and the

uncertainty in the HTF flow rates for both heat exchangers

was^0.15%. The uncertainty in the HTF inlet temperatures

was ^1 8C. The compressor speed data were considered to

be exact because the readings were derived directly from a

rotation counter. The repeatability of the sump heater power

was ^9% at 25 W and ^5% at 100 W. Condenser mass

flow was repeatable to within ^1.5% over all the data, and

the evaporator mass flow repeatability was ^6%. The

experimental repeatability of the compressor speed was

^2.5%. Details of the RMS analysis and experimental

uncertainty determination can be found in Ref. [10].

3. Results

The performance results at each nominal factor setting

(in terms of primitive variables) are presented in Tables 1(a)

and (b).

To compare the data, the mean condenser capacity, mean

evaporator capacity, and compressor power changes due to

increases in each factor, normalized by the overall mean, are

presented in Figs. 4–6, respectively. For example, referring

to Table 1(a), eight tests were conducted with R32 at the low

sump heater power setting, and eight were conducted at the

high setting. The average percent change in the condenser

capacity due to the increase in sump heater power was

calculated using

%kD_qcdl_qsp ¼

1

8

X8
i¼1

ð_qcdi ltests in which _qsp¼100 W 2 _qcdi ltests in which _qsp¼25 WÞ

k_qcdl
100

ð5Þ

The average changes in circulating R32 concentration (% by

mass) with due to each factor are presented in Fig. 7. These

were calculated in a similar manner to Eq. (5), but without

normalization and without multiplying by 100.

In order to compare the factorial variations of the
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R32/134a data with those from the R32 tests, the average

increase in the R32/134a performance variables as a

percentage of the same variables from the R32 tests were

examined. Again, using the condenser capacity variations

with sump heater power as an example

_qcdlR32=134a tests

_qcdlR32 tests

� �
tests in which _qsp¼100 W

¼
100

8

X8
i¼1

_qcdi lR32=134a tests in which _qsp¼100 W

_qcdi lR32 tests in which _qsp¼100 W

ð6Þ

The results of using Eq. (6) for condenser capacity and COP

over all of the factors are shown in Fig. 8.

During the R32 tests, condenser capacity was

relatively unchanged by an increase in sump heater

power. The increased energy input to the sump was offset

by a decrease in that absorbed by the evaporator (Fig. 5).

At fixed compressor speed, HTF flow rates, and

refrigerant composition (pure R32 in this case), the

ability of the system to absorb energy on the low-side

and reject it on the high-side was fairly constant. Note

that the compressor power (Fig. 6) was not significantly

Table 1a

Primitive R32 EOT results

Nominal factor settings EOT results

_qsp (W) _mev (kg/s) _mcd (kg/s) rpmcp (rev./min.) _qcd (W) _qev (W) _wcp (W) COP R32 % by mass

25 0.08 0.08 800 1887 1342 490 3.66 100

100 0.08 0.08 800 1891 1282 490 3.19 100

25 0.16 0.08 800 2058 1553 516 3.80 100

100 0.16 0.08 800 2098 1462 511 3.43 100

25 0.08 0.16 800 1947 1390 486 3.81 100

100 0.08 0.16 800 1940 1309 486 3.31 100

25 0.16 0.16 800 2114 1562 489 4.10 100

100 0.16 0.16 800 2171 1538 499 3.62 100

25 0.08 0.08 1000 2245 1624 627 3.44 100

100 0.08 0.08 1000 2271 1564 636 3.08 100

25 0.16 0.08 1000 2520 1853 661 3.67 100

100 0.16 0.08 1000 2567 1840 665 3.36 100

25 0.08 0.16 1000 2347 1653 605 3.72 100

100 0.08 0.16 1000 2372 1620 621 3.28 100

25 0.16 0.16 1000 2608 1987 638 3.93 100

100 0.16 0.16 1000 2644 1862 642 3.56 100

Table 1b

Primitive R32/134a EOT results

Nominal factor settings EOT results

_qsp (W) _mev (kg/s) _mcd (kg/s) rpmcp (rev./min.) _qcd (W) _qev (W) _wcp (W) COP R32 % by mass

25 0.08 0.08 800 1534 1106 389 3.70 59.9

100 0.08 0.08 800 1774 1261 450 3.22 84.7

25 0.16 0.08 800 1673 1280 412 3.83 67.9

100 0.16 0.08 800 1949 1424 472 3.41 85.5

25 0.08 0.16 800 1645 1170 390 3.96 64.4

100 0.08 0.16 800 1850 1292 435 3.45 83.8

25 0.16 0.16 800 1628 1235 394 3.89 62.5

100 0.16 0.16 800 1994 1430 443 3.67 80.3

25 0.08 0.08 1000 1966 1411 525 3.57 71.4

100 0.08 0.08 1000 2096 1442 562 3.17 85.1

25 0.16 0.08 1000 1930 1441 506 3.63 62.1

100 0.16 0.08 1000 2239 1635 584 3.28 74.2

25 0.08 0.16 1000 1880 1356 486 3.67 61.7

100 0.08 0.16 1000 2069 1428 531 3.27 73.4

25 0.16 0.16 1000 1905 1394 481 3.76 61.5

100 0.16 0.16 1000 2090 1462 522 3.35 61.0
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changed by increased sump heater power during the R32

tests.

During the R32/134a tests, an increase in sump heater

power increased condenser capacity an average of 13% (Fig.

4). Fig. 5 shows that the energy absorbed in the evaporator

increased an average of 9% with sump heater power, and the

compressor power increased 11% (Fig. 6). The increased

heat absorption was a result of the distillation column

increasing the R32 concentration (Fig. 7) and, therefore, the

volatility of the circulating refrigerant. Fig. 8 shows that an

increase in sump heater power increased the average R32/

134a condenser capacity from 80% of the R32 value to 90%.

The average COP during R32/134a tests was 100% of the

R32 value at both factor settings (Fig. 8).

On average, the increase in evaporator HTF flow

increased condenser capacity 11% during the R32 tests

(Fig. 4). This was due to a 15% increase in evaporator

capacity (Fig. 5), which, in turn, was due to an increased

average temperature difference between the HTF and the

refrigerant, and the decrease in heat transfer resistance on

the HTF side of the evaporator. There was also a 3%

increase in compressor power input (Fig. 7).

Condenser capacity increased by 3%, evaporator

capacity increased by 8%, and compressor power increased

by 1% with increased evaporator HTF flow during the

R32/134a experiments (Figs. 4–6, respectively). The energy

absorption increase in the evaporator and subsequent

rejection in the condenser was less substantial than during

the R32 tests due to decreased circulating R32 concentration

(Fig. 7). The authors hypothesize that increased evaporator

HTF flow tended to decrease the quality of the refrigerant

leaving the evaporator, and the additional liquid refrigerant,

richer in R134a, was separated into the sump. Thus, R134a

concentration in the sump increased. As the sump was the

source of vapor for the distillation column, this caused a

decrease in R32 concentration through out the system. Fig. 8

shows that the R32/134a condenser capacity decreased from

87% to 82% of the R32 value with evaporator HTF flow.

COP of the R32/134a tests also decreased slightly from

102% of the R32 value at the low HTF setting to 98% at the

higher setting.

The decrease in heat transfer resistance on the HTF side

along with the increased average temperature difference

Fig. 4. Factorial percent changes in condenser capacity.

Fig. 5. Factorial percent changes in evaporator capacity.

Fig. 6. Factorial percent changes in compressor power.

Fig. 7. Factorial changes in circulating R32 concentration during

R32/134a tests.
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between the HTF and refrigerant in the condenser with

increased condenser HTF flow increased the condenser and

evaporator capacities by 3%, and decreased the compressor

power by 3% (Figs. 4–6, respectively). Fig. 6 shows that

condenser HTF flow was the only factor whose increase

caused a decrease in compressor power. This is reasonable

because the decreased heat transfer resistance in the HTF

allowed lower saturation pressures on the high-side (hence,

lower compression ratios) for a given capacity, and the

capacity increase with HTF flow was small (Fig. 4).

Increased condenser HTF flow did not significantly

change condenser capacity during the R32/134a tests

(,1%, Fig. 4). Evaporator capacity decreased slightly

(2%, Fig. 5) and compressor power decreased by 6% (Fig.

6). Fig. 7 shows that circulating R32 concentration

decreased an average of 6% during the R32/134a tests.

This was the reason for the decreased heat absorption in the

evaporator. Decreased heat absorption, due to lower

volatility, and a more substantial decrease in compressor

power (6% versus 3%, Fig. 6) were the reasons that

condenser capacity remained unchanged instead of increas-

ing as it did during the R32 tests. Increasing the condenser

HTF flow decreased the R32/134a condenser capacity from

87% to 83% of the R32 capacity (Fig. 8). The relative COP

decrease shown in Fig. 8 (101 to 100%) was not significant

in light of the measurement uncertainty.

Increasing compressor speed increased condenser and

evaporator capacities and compressor power in direct

proportion (19, 20, 25%, Figs. 4–6, respectively) to the

speed increase (20%). The proportionality of the compressor

power increasewas somewhat surprising in light of pump laws

that generally suggest a cubic relationship between pump

speed and power. However, density and compression ratio

variations conspired to make the power increase closer to

linear with speed in this case.

The increase in condenser and evaporator capacity with

compressor speed was 14% and 13% (Figs. 4 and 5,

respectively) during the R32/134a tests. This was substan-

tially less than the capacity increases during the R32 tests;

yet, the percent compressor power increase was nearly the

same (21% compared with 25%, Fig. 6). The reason for the

smaller capacity increase was the decrease in circulating

R32 concentration (Fig. 7). The associated decrease in

circulating refrigerant volatility decreased the ability to

absorb heat in the evaporator without decreasing the ‘cost’

(increased compressor power). Increasing compressor speed

decreased the R32/134a capacity from 87% of the R32 value

to 83%. The relative COP decrease was, again, not

significant (101 to 99%, Fig. 8).

4. Conclusions

An experimental investigation was conducted into the

effects of using either a refrigerant mixture (30/70% by mass

R32/134a) or a pure fluid (R32) on heat pump performance.

The work was motivated by improved energy utilization,

and the need to examine system effects in the context of a

variety of parametric changes. Due to its potential for

enhancing composition changes when a heat pump is

charged with a zeotropic mixture, a distillation column

was installed in the manner prescribed by Rothfleisch [5].

The data obtained show that increased sump heater

power, HTF flow, and compressor speed will all modulate

the heating capacity of a heat pump. However, the capacity

increases during the R32/134a tests with increased HTF

flow and compressor speed were always less than those of

the R32 tests. Also, capacity modulation using these two

mechanisms would likely require different motors for the

driving devices (fans and compressors in systems used in the

field) in addition to a modest control system to provide for

load following.

During the R32/134a tests, increased sump heater power

produced an average capacity increase that was greater than

those produced by increased HTF flow during either the R32

tests or the R32/134a tests. Furthermore, the increase was

quite close to that obtained by increasing compressor speed

during the R32/134a tests (13% versus 14%, Fig. 8) and

respectable compared to the capacity increase with

compressor speed during the R32 tests (13% versus 19%).

The increases were dependent on the levels of the factors

chosen, but the degree of capacity increase with a modest

(75 W) increase in sump heater power was impressive

compared with compressor speed.

Rothfleish [5] has suggested that a source of sump heat

internal to the heat pump system (e.g., liquid-line heat)

could be used in place of an externally powered heater. In

addition to removing the need for the heater, and modestly

improving the COP (Eq. (5)), this would lead to the

intriguing possibility of passive load following. That is, if

Fig. 8. Performance comparison between R32 and R32/134a tests.
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the heat transfer rate to the sump varied with the outdoor

temperature, then the heat pump capacity could be varied by

altering the circulating composition without an external

control system.
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