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Abstract. The superheat in the evaporator outlet, in a direct expansion solar assisted heat pump for water heating, is
affected by the modification of solar radiation. In the present work, the mathematical model of the heat pump was used
to show the effects of solar radiation in the system. When the model achieves a steady state, the solar radiation was
reduced in 5% (simulation 1) and in 15% (simulation 2), consequently the superheat decreased. Ten seconds after the
reduction of the solar radiation, the internal area of the expansion device was reduced in 3.5% (simulation 1) and in
9.4% (simulation 2) so that the superheat could return to the initial condition. The reduction of the internal area of the
expansion device implies a decrease in the amount of refrigerant mass in the evaporator. Around 50 seconds after the
valve step, the superheat had practically returned to the initial condition. It was possible to see that a small
modification in solar radiation produces relevant effects on the superheat. Consequently, the expansion device needs to
be adjusted almost at the same time for the superheat return to the correct value and the system requires an expansion
device with a low response time, as an electronic expansion valve.
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1. INTRODUCTION

The direct expansion assisted solar heat pump (DX-SAHP) have widely been used for water heating (Chow et al.,
2010; Moreno-Rodriguez et al., 2012 and Omojaro and Breitkopf, 2013). The advantage of this type of equipment is
besides receiving energy from natural and forced convection as well as from the condensation of water vapour in the
external atmospheric air, the DX-SAHP also receives energy from solar radiation. This larger amount of energy
produces an increase in the evaporating temperature and pressure as shows Fig. 1, as a result, the compressor work is
lower and the COP of the system rise. Kuang, Sumathy and Wang (2003), Kong et al. (2011) and Sun et al. (2011)
discuss the increase of the COP in a DX-SAHP.

Despite of the possibility of improve the COP, the DX-SAHP is more influenced by the environmental conditions
than a non-solar assisted heat pump. During a typical day, the variations of environmental conditions, such as the solar
radiation, the ambient temperature and the wind velocity produces changes in the properties of the cycle, including the
evaporation temperature and the evaporator outlet superheat. For example, if the system is operating in a steady state
and however, the amount of solar radiation is improved, therefore the total amount of energy absorbers in the
evaporator / collector is also improved. At this moment, if the same mass flow rate pass through the evaporator /
collector the superheat will be increased. In addition, variations of solar radiation occur in both directions, it may
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increase in a certain moment and decrease in another. The effects of the superheat variations may be harmful for the
system. The increase in superheat may result in the degradation of lubricant oil and as well as in making more difficult
for the electric motor to properly cool. On the other hand, the decrease in superheat may result in the liquid being
carried over into the compressor. Because of this, in a DX-SAHP, the control of superheat is too important for the
proper operation of the system.
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Figure 1: Evaporating temperature and pressure increase in a CO, DX-SAHP.

Keeping the superheat at an adequate value can be achieved through the modification of the mass flow rate by the
expansion device. The most common expansion devices are the capillary tube, the orifice, the thermostatic expansion
valve and the electronic expansion valve. The electronic expansion valve is an adequate device in systems that require a
wider working range (Lazzarin and Noro, 2008; Jiang ef al., 2011) and a short response time (Maia ef al., 2014).

If the heat pump use carbon dioxide (CO,) as a refrigerant for produce water heating, in general, three variables
need to be controlled: the water temperature, the superheat and the optimum high pressure. The optimum high pressure
is the most important factor for the system operate at the maximum COP (Kauf, 1999; Qi et al., 2013 and Yang et al.,
2015). The simultaneous control of the superheat and the optimum high pressure have been achieved with the use of
one back pressure valve for control the optimum high pressure, one thermostatic expansion valve for control the
superheat, and between both valves is installed one receiver for ensuring saturation conditions at the thermostatic
expansion valve entrance (Pefiarrocha et al., 2014). It is important to highlight when the CO, heat pump is used to
produce hot water for sanitary propose, it operates in a transcritical cycle.

In the present paper, for the propose of study the effect of the solar radiation variation in the superheat, a
mathematical model of the evaporator, the expansion device and the compressor for a CO, DX-SAHP for water heating
is used. Then, to keep the superheat at an adequate value the expansion device have been used for adjust the mass flow
rate of CO». In order to demonstrate this, two simulations will be performed. In each one a different solar radiation step
and valve step are considered. The importance of the control of the water temperature and the COP in a DX-SAHP is
not discuss in this paper.

2. MATHEMATICAL MODEL

The main components at this CO, DX-SAHP are an evaporator/collector, a reciprocating compressor, a gas cooler
and a needle valve as an expansion device. This heat pump is used for water heating and the hot water is storage in a
thermal energy storage. The evaporator operation depends of other components in the system, particularly the expansion
device and the compressor. The mathematical model of the evaporator/collector, the compressor and the expansion
device is presented in this section. The variables have been considered constant in the gas cooler. This model was
developed and validated by Faria ef al. (2016). The subscripts numbers in the follows equations are equivalent as shows
Figure 1.

2.1 Expansion device
The refrigerant flow rapidly through the small expansion device because of this the process is consider practically

adiabatic and isenthalpic in the steady state. Them the enthalpy is calculated by Eq. (1) and mass flow rate by Eq. (2) as
presented Park et al. (2007).
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Where:

Aot area of the cross-section needle valve orifice [m?]

C orifice coefficient

ED expansion device

h specific enthalpy [kJ.kg™']

m mass flow rate [kg.s™]
P pressure [Pa]
p density [kg.m 3]

2.2 Compressor

The compressor has a small displacement and a high rotational speed, then it operates practically in the steady state.
The mass flow rate is calculated by Eq. (3) (Faires, 1983). In this study the volumetric efficiency of compressor is
considered equal 70%.

oy = NOVT, ®

mcomp

Where:

comp  compressor

N rotational speed [rps]

\Y% volumetric displacement [m?.rev’']
ut volumetric efficiency

2.3 Evaporator / collector
The evaporator / collector receives energy from natural and forced convection, from the condensation of water
vapour in the external atmospheric air and from solar radiation. Tab. 1 shows the main characteristics and parameters of

the evaporator / collector.

Table 1. Characteristics and parameters of the evaporator/ collector.

Geometry Absorber(fins) and coil (tube)
Tube and fins Cooper

Secondary fluid Air

Tube diameters (out/in) Do= 7.6 mm and D;= 6.0 mm
Coil length L=163m

Distance between tubes W=0.10m

Fin thickness Ofin = 1.0 mm

Fin efficiency Nein = 0.98

Plate area A=1.57m?

In order to model the evaporator it is necessary to consider few simplifying assumptions. These assumptions include
considering: (i) in the boiling region the liquid and vapor are in thermodynamic equilibrium; (ii) unidirectional
refrigerant flow; (iii) no axial heat conduction; (iv) physical properties of the CO; and copper are uniform in each tube
cross section; (v) negligible resistance of contact between the coil and absorber and finally; (vi) negligible resistance of
the wall tube. Based upon these assumptions the balances of energy, mass and moment for the refrigerant is presented in
Eq. (4), (5) and (6), while the balance of energy for the coil is presented in Eq. (7):
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Where

A plate area [m?]

Cp specific heat at constant pressure [J.kg'.K™!]
Do external diameter [m]

f refrigerant

F fin efficiency

g acceleration of gravity [m.s]

G mass velocity [kg.s'.m?]

He heat transfer coefficient between the wall and the refrigerant [W.m?2.K™!]
p perimeter [m]

S solar radiation [W.m]

T temperature [K]

sky sky

T temperature [K]

U combined coefficient involving radiation and convection between the absorber / coil and the
environment [W.m2.K"']

\% liquid specific volume [m?.kg!]

Vy vapor specific volume [m®kg!]

X quality

w tube wall

Y distance between the centers of two adjacent tubes [m]
(dP/dZ)fr refrigerant pressure loss by friction [Pa]

o} void fraction

0 inclination of the absorber relative to the horizontal

The correlations used in equations to calculate heat transfer, void fraction and pressure loss are: (i) Hf in the boiling
region as proposed by Cheng et al. (2006) and Cheng et al. (2008); and in superheating region with equation of Dittus-
Boelter, presented by Incropera and DeWitt (2002); (ii) void fraction as proposed by Rouhani and Axelsson (1970); (iii)
pressure loss in the boiling region as proposed by Fridel and recommended by Cheg et al (2008) and in superheating
region with equation of Fanning, described by Ozisik (1985); (iv) U in the natural convection part is obtained as
proposed by Palyvos (2008), and the condensation part is determined as presented by Huhtiniemi and Corradini (1993);
and (v) the equations used to obtain the direct and diffuse radiation and the heat exchange by infrared radiation are
calculated as proposed by Duffie and Beckman (2006) and Kalogirou (2009). For more details, see Faria et al. (2016).

2.4 Discretization of the evaporator / collector equations

The time-dependent and spatial-dependent derivatives in the refrigerant equations were determined from the Eq. (8)
and (9) respectively:

vy ®
o N
W _ Vo=V ©)

0z Az
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The subscripts i and o represent the control volume inlet and outlet respectively. The dependent variable y can be
temperature, pressure, enthalpy, density, mass flow rate, etc. The variables t and z are the time and the spatial position
respectively. And the superscripts 0 represents the values of the variables at the instant of time z-4¢.

2.5 Simulation methodology
Based on the equations above describe a Fortran program was developed for this distributed model. The CO,
properties were estimated using the equations proposed by Span and Wagner (1996), the evaporator model was run with

2000 control volumes and a time step of 2 seconds. Figure 2 shows the model flowchart for the procedure follow
described.

Initial
conditions

Boundary
conditions

Solve equations for energy, mass, and
momentum conservations in each
CO; volume control.

Does mass
flow rate of
-0, converge2

Inlet
pressure
correction

Yes
Y

Solve equations for external
energy conservation for tube
wall.

Temperature
profile No
correction

Is temperature
tube wall
rofile stable?

Yes

End

Figure 2. Model flow chart.

First, the boundary and initial conditions are given in the model. The boundary conditions are the environment
conditions and the temperature (T3) and pressure (P3) at the gas cooler outlet. Initial conditions are the temperature and
enthalpy along the evaporator. Therefore, Eq. (1) calculates the enthalpy (h4) at the evaporator inlet. After that, the
spatial profile of the evaporator wall temperature and the expansion device outlet pressure (P4) are assumed, this values
are not real and it will use as convergence criterion. Then, Eq. (2) calculates the mass velocity (G4) imposed by the
expansion device. For the first evaporator control volume the input data are h4, G4 and P4, then, using Eq. (4), (5) and
(6) the output data are calculated. This data are the input for the next control volume, this procedure is used in all
evaporator. It is important to highlight the use of different correlations in boiling and superheat region how was
discussed in the evaporator model. With the output data of the evaporator last control volume, Eq. (3) calculates the
mass velocity (G1) imposed by the compressor. Now, if G4 is not equal to G1, the inlet evaporator pressure need to be
changed.

After the second interaction, the Newton-Raphson algorithm is used to accelerate the convergence between the mass
velocity given by Eq. (3) and (5), within a defined error margin. The second step of the model is the calculation of the
spatial profile of the tube wall temperature by Eq. (7). The procedure for calculating refrigerant properties will be
repeated until the convergence of the tube wall temperature. Finally, this procedure is repeated for each instant of time,
and during the simulation the boundary conditions could be changed.

3. RESULTS AND DISCUSSION
The DX-SAHP operates at the steady state with 14.4 °C of the evaporating temperature, 6 °C of the superheat,

30 kg/h of the mass flow rate and 670 W/m? of the solar radiation. In order to demonstrate the methodology two
simulations were developed and a very similar behaviour were identified for simulations 1 and 2. At 160 seconds, the
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solar radiation is reduced (Solar radiation step) in 5% in the simulation 1 and in 15% in the simulation 2. The system
response is showed in Fig. 3 and 4 for simulation 1 and in Fig. 5 and 6 for simulation 2. In Fig. 3, as a result of solar
radiation reduction the evaporating temperature and pressure is decreased. In addition, in the evaporator / collector the
total amount of energy absorbers is reduced and the quantity of mass is the same, then the superheat decrease.
Furthermore, in Figure 4 the mass flow rate starts increasing in the expansion device, as describe Eq. (2) for a reduction
of outlet pressure in the expansion device. The mass flow rate in the compressor remains almost constant, by Equation 3
is possible to verify it is dependent of the CO, density in the compressor inlet, witch value decreases with the reduction
of the pressure, but in the other hand increases with the reduction of the temperature. Similarly, Fig. 5 and 6 shows the
same behaviour for the simulation 2.
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Figure 3. Evaporating Temperature and Superheat Variations — Simulation 1.
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Figure 4. Mass Flow Rate Variations - Expansion Device and Compressor — Simulation 1.

To keep the superheat at an adequate value the expansion device need to be used for adjust the mass flow rate of
COs. Thus, at the time of 170 seconds, the internal area of the expansion device is reduced (Valve step) in 3.5% in the
simulation 1 and in 9.4% in the simulation 2. At that time the mass flow rate through the expansion device reduce very
fast as show Fig. 4 and 6. It can be explained by Eq. (2), the reduction of the internal area of the expansion device
results in a reduction of the orifice coefficient and consequently the mass flow rate decrease abruptly to a value little
lower than 29.1 kg/h (simulation 1) and 27.6 kg/h (simulation 2). Subsequently, the mass flow rate increases until
achieve the final value, 29.4 kg/h (simulation 1) and 28.3 kg/h (simulation 2) around 50 seconds after the Valve step. In
addition, the mass flow rate imposed by compressor decrease, its happen because the refrigerant density decrease when
compressor inlet temperature decrease and it has been occurred slowly.

The difference between the mass flow rate imposed by the compressor and the expansion device cause fluctuation in
the superheat as seen Fig. 3 and 5. The superheat achieve the maximum value 6.4 °C (simulation 1) and 7.0 °C
(simulation 2) in 200 seconds, but after this value it decreases until stabilizing. If the mass flow rate imposed by
compressor is higher the refrigerant inside the evaporator is drying and the superheat increases. On the other hand, if the
mass flow rate imposed by expansion device is higher the refrigerant inside the evaporator is flooding and the superheat
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decreases. The difference between the two mass flow rates represents the refrigerant being add or remove from the
evaporator.
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Figure 5. Evaporating Temperature and Superheat Variations — Simulation 2.
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Figure 6. Mass Flow Rate Variations - Expansion Device and Compressor — Simulation 2.

Figure 4 shows that the quantity of mass in the evaporator decrease and after some seconds the superheat starts
increasing as demonstrate Fig. 3 and 5. It is necessary around 50 seconds until superheat return to the correct value,
6 °C. As show Fig. 3, the evaporating temperature achieves the final value around 30 seconds after the Solar radiation
step, and the Valve step does not affect the evaporating temperature. Further, it is possible to be noted by the slope of
the curves that the variation of evaporating temperature is less sharply than the variation of the superheat. Figure 5 and
6 shows similarly behaviour for simulation 2.

In brief, one small variation of the solar radiation affect the superheat almost immediately and could produces
dangers results in the DX-SAHP. In order to keep the superheat to its set point, the expansion device needs to be
adjusted almost at the same time for reducing the mass flow rate in the system. Then, the direct expansion solar assisted
heat pump requires an expansion device with a low response time, as an electronic expansion valve.

4. CONCLUSIONS

This paper presents the use of a dynamic model for DX-SAHP to study the effects of the solar radiation variation.
The results show that one small and abruptly variation of the solar radiation affect the superheat almost immediately
and could produce dangerous results in a DX-SAHP. In order to keep the superheat to its set point, the expansion device
needs to be adjusted almost at the same time for reducing the mass flow rate in the system. Then, the direct expansion
solar assisted heat pump requires an expansion device with a low response time, as an electronic expansion valve.
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