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Abstract

An experimental study of an air-to-water reversible heat pump unit was carried out using two different

fin-and-tube heat exchanger ‘‘coil’’ designs and propane (R290) as the working fluid. The main aim of these

tests was to search for optimized coil design concepts. The performance of the heat pump was evaluated for

each coil design at different superheat conditions at the inlet of the compressor in both modes of operation:
heating and cooling. Coefficient of Performance (COP) in both modes of each heat pump unit using two

different coil design are presented. Experimental measurements are compared against model predictions.

The mean refrigerant side heat transfer coefficient and the pressure drop as a function of mass flux along

the flow path are calculated. As a results of tests, it was found that the performance was obtained in the

heat pump unit using coil-2 design with less refrigerant circuit and a higher length of circuit with a super-

heat of around 6 K in both modes of operation. From the calculation it was found that in both modes of

operation coil-2 design gives higher heat transfer coefficients and pressure drops for the refrigerant side.
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1. Introduction

Due to ozone depletion that leads to global warming effects, environmental friendly refrigerants
with null ozone depletion (ODP) and low global warming potential (GWP) are required for the
new generation of refrigerators and air conditioners. Hydrocarbon refrigerants such as propane
(R290)—with nearly zero ODP— have been recommended by several authors, [1–7], to be used
as working fluid in air conditioning and heat pump systems. Some of these studies confirmed that
propane may offer significant increases in performance. This is specially true if the plant is con-
ceived to take advantage of its specific thermo-physical characteristics in comparison with R22.

During the last years, a lot of work was done to analyze the influence of heat transfer charac-
teristics in fin-and-tube heat exchangers on performance. Nan and Ferreira [8] investigated the
heat transfer coefficients in evaporation and condensation in smooth, micro fin and crosshatched
outside diameter copper tubes of 9.52 mm using R290 as refrigerant. The authors compared the
experimental data with different correlations for smooth tubes, and their results confirmed that
the Shah [9] and Cavallini–Zecchin [10] correlations provide the most reliable heat transfer
coefficients.

Rice [11] investigated the relationship between the number of circuits and the inner tube dia-
meter on the performance of an air-to-air reversible heat pump working with R22 and the alter-
native work fluids, such as R134a, R410A and R290. He found that with R410A and R290, the
optimal tubes are one tube size smaller than for R22 with the similar numbers of circuits. In addi-
tion, R290 requires one extra circuit with respect to R410A for both heat exchangers (indoor and
outdoor coils). The reduction in tube sizes for R410A and R290 results in 20–67% lower charge
requirements than for R22. Concerning the outdoor coils with tube ID of 7.9 mm coupled with
R410A and R290, they deliver slightly lower performance with significantly lower charge while
requiring one additional circuit.

On the other hand, Liang et al. [12] analyzed the performances of evaporator coils with several
‘‘complex’’ refrigerant circuitry using a distributed simulation model, and obtained the heat trans-
fer characteristics of R134a evaporation in four different circuit configurations. Their results dem-
onstrate that the coil performance can be improved by changing the mass flux along the each path
defining the configuration. Distributing the refrigerant mass flux along different paths of the heat
exchanger should be a reasonable approach to balance the increments in the refrigerant heat
transfer and pressure drop. Bigot et al. [13] measured the performance of a coil with 7 mm outside
tube diameter using R407C in a reversible heat pump. The outcome of the test showed that an
appropriate design of the air-refrigerant counter flow heat exchanger using R407C allows a
20% increase in the global heat exchange coefficient at the evaporator and 10% at the condenser.

The central objective of our work is to analyze the influence of different coil designs on the behav-
ior of an air-to-water reversible heat pump using R290 as refrigerant. The performance of a heat
pump system is measured for two different fin-and-tube heat exchanger (coil) designs at several
superheat conditions at the compressor inlet in both modes: heating and cooling. The heat transfer
coefficient (HTC) and pressure drops for the refrigerant side as a function of mass flux are studied
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Nomenclature

COP Coefficient of Performance
cp specific heat capacity (kJkg�1K�1)
di inner tube diameter (m2)
G • refrigerant mass flux (kgm�2 s�1)
HTC heat transfer coefficient (Wm�2K�1)
HEX heat exchanger
m• mass flow rate (kgs�1)
Nc number of circuits
Q• heat exchanger capacity (kW)
T temperature (K)

Subscripts
i internal
in inlet
out outlet
r refrigerant
wat water
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for bothmodes of operation and coil designs using amodel capable of simulating the heat pump, see
Corberán et al. [14]. A by-product of this investigation elucidates the identification of a new coil de-
sign to improve the efficiency of an air-to-water reversible heat pump using R290 as working fluid.
2. Experimental setup and test procedure

The heat pump test rig shown in Fig. 1 was designed to perform the characterization of a med-
ium size, reversible air-to-water heat pump. The test rig components are: a climatic chamber, air
treatment unit, hydraulic group and the heat pump unit.

2.1. Climatic chamber

The entire range of climate conditions typical of Southern Europe can be adequately simulated
in a 50 m3 climatic chamber in both modes, heating and cooling. The air-side-coil of the heat
pump unit is attached to the climatic chamber ensuring, by means of a variable fan, that the
air pressure drop across the unit is null. An air treatment unit is located on the top of the climatic
chamber and creates the desired environmental conditions inside the chamber by adequately mix-
ing outdoor air and the return air from the heat pump. The temperature regulation in the climatic
chamber was done by means of a control unit, which while using the air temperature measure-
ments in the duct and outdoors, controlled the outdoor damper and the recirculating damper.
Temperature measurements were accurately done using humidity and temperature transmitters.
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Fig. 1. Schematic of the heat pump test rig.
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The air temperature regulation in the climatic chamber allowed the attainment of a maximum
temperature of 46 �C and a minimum temperature of 2 �C.

2.2. Hydraulic loop

In the water-side of the heat pump unit, an hydraulic loop simulates the loads of the unit, ensur-
ing that the standard operating conditions are maintained in the refrigerant-to-water brazed plate
heat exchanger (BPHE). The hydraulic group consists of a deposit of inertia, an expansion vessel,
to muffle possible fluctuations due to changes in the water temperature or pressure, a brazed plate
heat exchanger, a three ways motorized valve, a manual valve and a sensor to measure the flow
of water.

The regulation system consists of a controller universal type PID, which receives the signal
from an immersion temperature sensor, type PT-100, placed at the entrance of the water in the
heat pump, which acts on the motorized three ways valve. This allows to regulate the flow of
water through the BPHE and the temperature to the exit of the BPHE. Acting on the manual
valve, the flow of water entering in the heat pump is regulated fixing thus the required temperature
difference in agreement with the operation conditions. Temperature difference, which is critical for
a precise measurement, was determined by means of a pair of carefully calibrated PT-100-type
thermo-resistance probes. In all the test during the characterization of the different designs, the
thermal jump was regulated to get a difference of temperature among the outlet/inlet of the BPHE
of ±5 K.

2.3. Heat pump instrumentation and safety

The heat pump unit was placed outside of the climatic chamber. The heat pump used for the
test is a modified version of an R22 catalogue model of CIATESA (IWA-95), specifically adapted,
from the point of view of safety as well as performance, to be used with propane as refrigerant. All
materials and measurement devices utilized were intrinsically safe. Gas detectors were also
installed in the reference heat pump in combination with a switch isolating the electrical cir-
cuits according to the Spanish norm UNE 20-318 for electrical components in atmospheres with

alavpa
Rectangle



V

W

R

R

W

D1

V

VR

VR VR

VR

P_Asp T_ASP

P_IN T_IN
TLR_in

TDEX_in

TCoil_in

TCoil_out

Twat_out

Twat_inTBPHE_in

TBPHE_out

Fig. 2. Instrumented heat pump test rig.

2454 J. Blanco Castro et al. / Applied Thermal Engineering 25 (2005) 2450–2462
potential flammable vapours or gases and the UNE-EN 60079-10 for electrical materials in explo-
sive atmospheres.

The heat pump unit (Fig. 2) is equipped with a scroll compressor, a thermostatic expansion
valve, a BPHE with 46 plates and a fin-and-tube heat exchanger that acts as condenser/evapora-
tor. It is thoroughly instrumented with several resistance temperature detectors, absolute pressure
transducers and relative pressure meters. Inside the heat pump, the evaporation and condensation
pressure were determined by means of pressure sensors located up-and-down stream of the com-
pressor. A digital energy counter was used to measure compressor power consumption. Several
PT-100 thermo-resistance temperature probes were placed to measure the levels of superheat
and subcooling. A data acquisition system collected the information related to temperatures, pres-
sures, secondary loop water mass flow rates, air humidity and compressor power input measure-
ments. The specification along with the uncertainties of the sensors are summarized in Table 1.
Table 1

Characteristics of instrumentation employed in the heat pump test rig

Parameter Uncertainty Full scale

Temperature (PT-100 type thermo-resistance) ±0.01 K �5 to 60 �C
Temperature (T type thermocouples) ±0.5 K �50 to 100 �C
Mass flow rate meter (Coriolis meter) ±0.2% 0–2 kgs�1

Pressure transducer 20 mbar 0–25 bar

Air humidity ±0.2% 0–100%

Air temperature (PT-100 type thermo-resistance) ±0.01 K �5 to 60 �C
Power meter (Quantum P-200) ±0.01% 100 kW
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Table 2

Coil geometric parameters

Geometric parameters Coil-1 Coil-2

Outer tube diameter, mm 9.52

Inner tube diameter, mm 8.92

Number of rows 4

Number of circuits 15 11

Number of tube per rows 45 40

Tube material Copper

Inner tube surface Smooth

Inside surface area, m2 4.28 3.81

Refrigerant side volume, m3 · 10�3 9.54 8.48

Refrigerant cross-sectional area, m2 0.94 0.69

Fin type Wavy

Fin material Aluminum

Fin spacing, mm 2.5 2.1

Air surface area, m2 66.78 77.77
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2.4. Test procedure

Within conditions contained in the EN-255 [18] and EN-12055 [19] standards, the units oper-
ated with an inlet water temperature of 45 �C and outlet water temperature of 50 �C in the heating
mode (with outdoor temperature of 12 �C and relative humidity around 80% in the climatic cham-
ber) and an inlet water temperature of 12 �C and outlet water temperature of 7 �C in the cooling
mode, (with outdoor temperature of 35 �C in the climatic chamber). These conditions are referred
in all figures as A12W50 and A35W7, respectively. Heating and cooling capacities from the
secondary loop water mass flow rate and BPHE outlet/inlet water temperature difference were
calculated following:
1 Ad
Q� ¼ cpm�
watðT out � T inÞ ð1Þ
Except for the coil design, units designated on coil-1 and coil-2 are identical. The geometric
parameters of the tested coils are listed in Table 2. Note that an ideal coil should possess a high
heat transfer coefficient with a low pressure drop. Both operational parameters are closely related
to the mass fluxes in different parts of the HEX along the condensation and evaporation
processes. The refrigerant mass flux (G •) is calculated as
G� ¼ 4m�
r

pd2
iN c

ð2Þ
2.5. Description of the ART model

For the prediction of the heat pump performance, the ART1 model was used in both modes of
operation: heating and cooling. The model incorporates a number of submodels for the integral
vanced Refrigeration Technologies.
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components of the heat pump: compressor, brazed plate heat exchanger, finned tube heat exchan-
ger, expansion devices and connecting tubes. The model and submodels have been validated using
an extensive collection of experimental results by Corberán et al. [15–17].

In the present work, the model was calibrated using test results and thereof used to calculate the
heat transfer coefficient and pressure drop in evaporation and condensation processes through the
air heat exchanger. The submodel involving the air heat exchanger was implemented taking into
account the real processes of sensible cooling, cooling with dehumidification, and sensible heating
of humid air. The air heat exchanger submodel enables us to undertake a parametric study of the
coil varying the influential geometric parameters (tube material and diameter, number of circuits,
fin material, separation between fins, fin type, exchanger width, height and depth). To model the
coil, the refrigerant side and air side HTC and pressure drop made used of semi-empirical corre-
lations found in the specialized literature. When the coil operates as an evaporator, the VDI cor-
relation [20] is used to determine the refrigerant side heat transfer coefficient and the Shah
correlation [9] is used when it switches to a condenser. In both modes, the model used to obtain
the refrigerant side pressure drop for two-phase flow operation the Chisholm–Sutherland corre-
lation [21]. The air side heat transfer coefficient and pressure drop are calculated by means of
the Chi-Chuan Wang et al. [22,23] correlations for both modes of operation.
3. Discussion of results

3.1. System performance

The variations of COP in the heat pump unit using two different coil designs as a function of
superheat are shown in Fig. 3. With gradual increments in superheat the COP decreases in both
0 2 4 6 8 10 12 14 16
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Fig. 3. COP vs. superheat using two different coil designs with R290 as working fluids. Label A35W7 (coil as

condenser) refers to the cooling mode and label A12W50 (coil as evaporator) refers to the heating mode. The superheat

was obtained for different positions of the expansion valve setting going from a closed to a full open position. Smaller

superheat corresponds to a full open position and larger mass flow rate.
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heat pump designs. The best results are rendered in the heat pump unit using coil-2 design with
fewer refrigerant circuits and a higher length of circuit with a superheat of around 6 K. With re-
spect to heat pump unit using coil-1 design the improvement is approximately 6/4% in COP, heat-
ing and cooling mode respectively. The performance elevation is linked to a higher refrigerant
mass flow rate in the range of 8–13% in the cooling mode (coil as condenser) and 4–8% in the
heating mode (coil as evaporator).

The variation in condensation and evaporation temperature in each operation modes are plot-
ted in Figs. 4 and 5, respectively. In the cooling mode (coil as condenser) for a fixed evaporation
temperature (Fig. 4), the condensation temperature is systematically smaller in the heat pump unit
using coil-2 design. Setting a representative evaporation temperature of 0 �C, the condensation
temperature decreases approximately 2 �C in the heat pump unit using coil-2 design with regard
to the coil-1 design. On the other hand, in the heating mode (coil as evaporator) at the same con-
densation temperature (Fig. 5) the evaporation temperature is consistently higher in the heat
pump unit using coil-2 design with respect to coil-1 design. Assigning a representative condensa-
tion temperature of 55 �C, for instance, the evaporation temperature increases approximately 2 �C
with respect to heat pump unit using coil-1 design. This behavior of the system is obviously caused
by an improved heat exchange.

The heat transfer coefficient (HTC) and the pressure drop for two different coil designs were
estimated from the curve-fit of the experimental data for the calculation model mentioned above.
This calculation gives a picture of what happens inside a representative circuit of the HEX taking
into account the pre-selected correlations. Of course this is only realistic if the quantitative adjust-
ment of the model to the experimental results is acceptable. In this sense, Figs. 6 and 7 show the
comparison of the measured capacity and COP in both modes, heating and cooling for the two
different coil designs under different test conditions with the corresponding predictions. The only
free parameter used for the adjustment of the model to test results was the coil inlet air velocity
distribution (which is difficult to measure accurately). Nevertheless, the air velocity found was
-3 -2-2 -1 00 1 2 3 4 5
51

52

53

54

55

56

A35W7(coil-1)
A35W7(coil-2)

C
on

de
ns

er
 T

em
pe

ra
tu

re
 [º

C
]  

Evaporator Temperature [ºC] 

Fig. 4. Variation of refrigerant temperature with the superheat in both heat pump designs in the cooling mode. For a

fixed evaporation temperature, the condensation temperature is smaller in the heat pump unit using coil-2 design.
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very reasonable taking into account our previous estimates and the available fan data. The air
velocity required for the adjustment of the experimental data in the cooling mode is 1.6 ms�1

and 1.5 ms�1 in the heating mode, respectively.
The tandem of Figs. 6 and 7 indicate that the model was able to predict capacity (Fig. 6) and

COP (Fig. 7) within less 5% relative error for all tested conditions. At this point, it should be taken
into consideration that for low superheat values, the model prediction could be affected by the
possible presence of two-phase flow at the exit of the evaporator in the real experiment.

From the information given by the model, Figs. 8 and 9 show the distribution of HTC as a
function of ‘‘relative length’’ along one representative refrigerant circuit at a fixed operation. In
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the cooling mode (coil as condenser), the experimental conditions correspond to with a fixed rep-
resentative subcooling of 2 K, while in the heating mode (coil as evaporator) with a fixed super-
heat of 6 K. As can be observed, the HTC is higher in the coil-2 design, i.e., about 33% (coil as
evaporator) and 40% (coil as condenser).

On the other hand, Fig. 10 shows the calculated pressure drop as a function of mass flux. At the
same operating conditions, the pressure drop is about 35% higher in the coil-2 design with regard
to the coil-1 design in both modes of operation. This increase is due to the larger flow velocity,
32% increase with coil as a condenser and 26% with coil as evaporator, and the higher frictional
loss due to the increased length of the refrigerant circuit in the coil-2 design.

alavpa
Rectangle



0 20 40 60 80 100

400

800

1200

1600

2000

2400

2800

3200
Coil_Condenser

G(coil-1) = 77 kg m-2 s-1

G(coil-2) = 106 kg m-2 s-1

Relative Length [%] 

R
ef

rig
er

an
t H

TC
 [W

m
-2

K-
1 ]

 

Fig. 9. Heat transfer coefficient distribution along a typical circuit in the cooling mode.

60 70 80 90 100 110 120
0.00

1.25

2.50

3.75

5.00

6.25

7.50

8.75

10.00

11.25

12.50

A12W50(coil-1)
A12W50(coil-2)
A35W7(coil-1)
A35W7(coil-2)

Pr
ed

ic
te

d 
Pr

es
su

re
 D

ro
p 

[k
Pa

] 

G [kg m-2s-1] 

Fig. 10. Pressure drop change with the mass flux in both modes of operation and different coil designs.

2460 J. Blanco Castro et al. / Applied Thermal Engineering 25 (2005) 2450–2462
4. Conclusions

In this study, the performance of an air-to-water reversible heat pump was evaluated for two
coil designs at different superheat conditions using propane (R290) as the working fluid in both
modes of operation: heating and cooling. The Coefficient of Performance (COP) of each coil
are compared against the predictions of a simulation model. The predicted results show a good
agreement with the experimental results that lie within 5% for both heat pump design and modes
of operation. The experimental results indicate that the performance (COP) of the heat pump
finds an optimal value at a superheat of 6–8 K depending on the heat exchanger design. An incre-
ment of the superheat leads to a deterioration of the COP.
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On the other hand, it can be clearly concluded that coil-2 design yields higher local heat transfer
coefficients in all calculation cells along the condensation (approximately 40%) and evaporation
(approximately 33%) processes. Obviously this is tied up to a certain pressure loss penalty, about
35% in both modes of operation, which has been also estimated by the model. These results are in
correspondence with the variation of the geometric parameters among both coil designs. In the
coil-2 design, the length of refrigerant circuit is increased about 17% and the refrigerant cross-sec-
tional area decreases approximately 26% with respect to coil-1 design. For the design of a given
heat exchanger, an optimal relationship should exist among those parameters (number of circuits
and inner tube diameter) yielding the highest possible efficiency of a given heat pump. This rela-
tionship will be investigated further using our model as a basis.
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