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Thermo-hydraulic analysis of the condenser (helically-coiled
type) of an air-water heat pump, using CFD numerical
simulation
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Universidad Autébnoma Metropolitana Azcapotzalco, Av. San Pablo No. 180, Col.
Reynosa Tamaulipas, México, 02200.
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Abstract. This paper presents the results obtained from the modeling of the flow and heat
transfer in the condenser of the heat pump used for heating the water of a pool, by means of
CFD analysis. Using the k-€ turbulence model its real behavior was described; these data may
be useful to propose the improvement of its thermal design. The distributions of temperature,
pressure, and velocity, both for the water and the R-410A refrigerant were obtained. The value
of the COP of the pump which was 7.6 was found through the results. The experimental value
of this variable was 7.32, both values are lower than those offered by the manufacturer of this
equipment.

1. Introduction

The energy that must be provided to the water supply of a public pool was experimentally quantified
and reported by Lopez et al. [1]. That energy is delivered by a system of air/water- type heat pumps,
which work alternately to meet the required demand, considerably saving energy, as compared to, for
example, a gas water heater or an electric boiler. All the experimentation required for its assessment
was performed and we found that the coefficient of performance (COP) of the pump ranged between
6.39 and 7.32, slightly lower values than those reported by the manufacturer.

An important element of these pumps is the condenser, which had some design defects. Its operation
was then described by means of the numerical simulation for the subsequent proposal of redesign. The
heat exchanger installed in the condenser is helically-coiled type, offering the advantage of allowing a
greater heat transfer in a smaller area, thus rendering a device of smaller physical dimensions, but also
with the disadvantage of direction change in coils resulting in a greater loss of energy than in the
straight sections of piping.

There have been several analyses on experimentation and modeling of these heat exchangers, for
instance, Purandare et al. [2] observed that helical spirals were efficient for low Reynolds number (Re)
values. Jayakumar et al. [3] made some experimental fluid-to-fluid heat transfer studies through a
helically coil tube using Computational Fluid Dynamics (CFD), and noted that CFD predictions
reasonably corresponded to the experimental results for all operating conditions. Kumar and Karanth
[4] analyzed and compared straight-tubular and helically coil-type heat exchangers using CFD under
identical operating conditions and the same length; the results showed a significant increase in heat
transfer rate, but pressure drop of the flow increased. Kumar et al. [5] developed the modeling of a
helical tube, mainly focused on the presence of secondary flow and its possible consequences.
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The objective of this work is to present the analysis of the modeling of the flow and heat transfer in
the condenser of the heat pump used for water heating of a public swimming pool, using CFD, based
on the k — € turbulence model.

2. Background.

The water heating system of the Azcapotzalco-Aquatic Center pool consists of 18 heat pumps; they
are all of the same model and are arranged under a combined work schedule, on average, 10 pumps are
required to work at the same time. For the analysis of performance, one of them was instrumented
with temperature and pressure gauges at the entrance and exit of the fluid, and the necessary
equipment to measure the consumption of electric power from the compressor [1]. In addition, using
the original instrumentation of the pool, inlet and outlet temperatures of the water supply, pressures of
the recirculation pump and volumetric flow, were measured. The Olympic pool is 50 m long, 25 m
wide and has an average depth of 1.50 m. Since its service is public, it must be provided from 6:00 to
21:00 hours, 6 days a week.

Registered average temperature values were: compressor outlet/condenser inlet, 88.0 °C; condenser
outlet/expansion valve inlet, 37.0 °C; expansion valve outlet/ evaporator inlet, 3.5 °C; the refrigerant
leaves the evaporator and enters the compressor almost with the same temperature value. The basic
components of the heat pump are presented in Figure 1, namely 1, compressor, 2, condenser, 3,
expansion valve, and 4, evaporator. The volumetric flow of R-410A refrigerant, provided in the pump
data chart, is 0.004 m3/s and the transversal section of the pipe area is 3.16x10~° m?2. The water to
be reheated enters the condenser at 29 °C with a maximum flow of 0.0063 m3/s. These values
correspond to turbulent flow for both streams and the critical Reynolds number calculated from the
definition of helical tube given by Dean [2, 3] is turbulent in both cases. The internal diameter and
length of the shell are 0.12 m and 1.00 m, respectively, the diameter of the connection of inlet and
outlet pipes is 0.012 m.

3. Numerical simulation.

The numerical model must solve the conservation of continuity, and momentum and energy quantity
equations adapted to the k — & model. It is one of turbulence models widely used in this type of
applications, based on the following equations: the continuity equation,

6ui _
ax; 0 (1
the movement quantity equation,
ouxy _ _10p 2 ou o
0x; - p 0x; + dx; <(17 + Ut) (6ui + Ox;j (2)
and the energy equation.
our _ 2 (2 o
ox; - axi< Pr + Pry axi> (3)

The model introduces two additional transport equations and two dependent variables: the turbulence
kinetic energy , k, and the turbulent dissipation rate, € [6]. The turbulent viscosity py, is modeled as:

kZ
Ur = pCu? (4)
where C, is a constant. The transport equation for k is:
p%+pu-Vk=V-((u+Z—Z)Vk>+Pk—ps (5)
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where Py is the production term defined by:
P, = ur (Vu: (Vu + (V)™) = 2 (V- u)2) —2pkV-u (6)

The transport equation for ¢ is:

9 2
pa—‘:'_+pu-V£=V-((u+‘;—:)Vs>+C81%Pk—CEZp% @)

The values of the constants used in equations (1), (2), (3), and (4) have been determined from
experimental data, resulting in: C,, = 0.09, C¢q = 1.44, €, = 1.92, 0, = 1.0 and 6, = 1.3 [6]. The
V 4.3 COMSOL Multi-physics software is used for the solution of these equations, the model should
consider the flow of two fluids in turbulent regime that do not mix together, coupled with an energy
transport through these fluids, with the conditions of non-isothermal flow and conjugate heat transfer.
The selected mesh was fixed using thick-size elements, namely 1,393,388 domain elements for the 50
laps-geometry, Figure 2.

. frei} ALY
Figure 1. Components of the heat pump. Figure. 2. Mesh for the shell and double-helix

coil.

4. Results and analysis.

The temperature distribution of the water contained in the interior of the shell indicates that water
enters the condensate at a temperature equal to that enforced in the 29 °C boundary condition and the
heating process starts immediately. As the water advances upwards, it warms from the coil towards the
shell, the fluid that surrounds the coil has a higher temperature than the outside which becomes
uniform towards the exit, reaching 32 °C; the temperature distribution is displayed in Figure 3. To
better observe this temperature rising process, three sections are displayed in Figure 4. The first
corresponds to the inlet, where the fluid starts to heat very slowly; in the central section of the
condenser, the water between coil tubes is approximately at 34.5 °C and externally, it is very close to
31.0 °C. Finally, the water temperature evens to 32.0 °C in the upper section. In all three cases water
that stands between the pipes of the two coils has a non-homogeneous distribution, since the fluid
close to the outer tube is at lower temperature that the internal coil, this is due to heat transfer from the
refrigerant circulating through them.

These results can be observed from a better perspective in Figure 5, where three sections are
presented, the first one shows temperature uniformity at the inlet, due to start of the heating process;
the middle section, at the center, has a yellow ring that correspond to fluid located between the input
coils and output of the refrigerant and the right one is the overhead section, clearly showing that the
fluid has increased its temperature.
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Figure 3. Temperature distribution in the Figure 4. Three sections of the condenser, input,
transverse plane of the shell, the condenser is half and a higher one, which corresponds to the
shown in horizontal position; water enters exit of the hot water.

through the left side and exits through the right

extreme of the figure.

Since the fluid does not change state and temperature rise does not affect the density, the velocity
of water entering and exiting the condenser is virtually the same, 3 m/s. The distribution of velocity
within the device is irregular, since the diameter is greater, the fluid velocity near the borders is less
than 0.33 m/s, inside the coil it reaches a value of 2.5 m/s and towards the center a maximum velocity
of 2.7 m/s is measured, this behavior is maintained all along the condenser, Figure 6.
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Figure 5. Cross-sections of the condenser, inlet, Figure 6. Distribution of water velocity inside the
intermediate, and exit of water. condenser.

An illustration of the velocity vectors can be seen in Figure 7, depicting a slice from the center of
the condenser to the far right for its middle section. The inner piping corresponds to the coil where the
refrigerant enters; it exits through the external pipe. The velocity of water close to the wall of the
device is the lowest and towards the center is maximum, between the coil tubes the fluid moves at 0.7
m/s.

The pressure distribution of water inside the condenser is 26 kPa, and 0.10 kPa at the exit, the
difference originates from the loss of energy of water as it passes through the condenser,
approximately 25.9 kPa; the results obtained with the software do not actually provide more
information on this variable, as shown in Figure 8.

The condenser is formed by two coils of 25 laps each, the inlet is located at the internal spiral and
the exit on the opposite one. This configuration is presented in Figure 9, R410A refrigerant circulates
through it and software results indicate 87.0 °C at the inlet and 68.0 °C at the end of the inner helix,
when it comes out through the outer helix, 37.0 °C were recorded. This process of energy loss may be
appreciated by the color change. The fluid that surrounds these coils is benefited with this energy,
reaching the aimed warming process.
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Figure 7. Water velocity distribution, through Figure 8. Water pressure distribution at the inlet
vectors, inside the condenser. and outlet of the condenser.

Temperature and pressure of the refrigerant both depend on the existing thermodynamic state. At
87 °C for the inlet, software results indicated 5.48 MPa, a superheated steam state. At 68.0 ° C, at the
exit of the inner helix, the pressure is 3.0 MPa and the refrigerant is still in a state of overheated vapor.
Within the coil; at 37.0 °C, at the exit of the condenser, pressure is 2.3 MPa and its state is saturated
liquid. Details of the inlet and the bottom of the coil are presented in Figure 10.
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Figure 9. Temperature distribution of refrigerant Figure 10. Bottom section and inlet of the
inside the condenser. condenser.

Since refrigerant changes of phase from superheated steam to saturated liquid, and according to the
diagram of the working fluid, the input velocity is 44.04 m/s, and the output one is 2.8 m/s. This
process for the bottom section and the condenser inlet can be observed in Figure 11.

With these temperature-pressure values and the R-410A Mollier diagram, enthalpies at the pump
compressor inlet and outlet were calculated as 454.87 kJ/kg and 260.47 kl/kg, respectively; for the
inlet and outlet of the condenser, the same value was determined, 429.28 kJ/kg. Using the definition
of COP [7], given as:

_ Qct;nd
cop = =end (8)

p

where Qqong is the flow of heat in the condenser and” Wpis the drive power of the heat pump, the
COP numerical value is 7.6. Compared to the experimentally retrieved COP of 7.32, both values are
below the value offered by the manufacturer of these devices, 8.0. The objective in the following work
should be to make the necessary modifications by simulation to achieve this value.
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Figure 11.- R-410A Velocities distribution, bottom section and condenser inlet.

5. Conclusions

The flow and heat transfer in the condenser of the heat pump used for heating the water of a pool were
modelled using CFD analysis, with the k-¢ turbulence model. The aim was to obtain its actual
behavior, which may be useful for the improvement of the thermal design. The distributions of
temperature, pressure and velocity, both for water and refrigerant R-410A were described. The
temperature increase for water was of 3.0 ° C with a pressure drop of 25.9 kPa. The velocity in the
inlet and outlet pipe is 3.0 m/s and inside the heat exchanger, 2.5 m/s. For the refrigerant, with
temperature and pressure data, and the Mollier diagram, the enthalpy was calculated at the input and
output of the coil and the input and output to the pump compressor with which it was possible to get
the value of the COP of the pump which was 7.6. The experimental value of this variable was 7.32,
both values are lower than the offered by the manufacturer of this equipment. These data may be
useful to improve the thermal design of the condenser through simulation.
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