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Abstract

Nowadays air-source heat pumps are widely used to collect heat from ambient air, which can
reduce operating cost and protect environment when compared with fossil-based heating systems.
To increase the flexibility of heat collection and supply, air-source heat pump should be used
together with a thermal storage tank. In this heating system, air-source heat pump needs to charge
the storage tank regularly based on a predefined time schedule. When a PCM storage tank is used,
the charging completion time and the total energy use are nonlinearly relative to the charging water
flow rate. This study, therefore, systematically investigates the relationships between the charge
water flowrate and the charging completion time and the total energy use. These relationships are
analyzed qualitatively and then evaluated quantitatively using case studies, according to which

optimal water flow rate is identified.

Keywords: PCM storage tank; thermal energy storage; charging performance; air-source heat
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1. Introduction

Energy is a critical concern in the development of society nowadays [1, 2]. Fossil fuels are still the
major source for satisfying the energy demand although they lead to environmental pollution
problems, such as global warming and desertification [3-6]. To alleviate pollutions, renewable
energy harvest has gained fast development recently in many countries [7, 8]. For example,
European Union (EU) states that by 2020 the utilization of renewable energy should account for
20% of the total energy consumption [9]. As one of renewable energy harvest technologies, an air-
source heat pump collects heats directly from ambient air with high efficiency (even in cold
seasons). Due to its low initial cost, simple structure, and environmentally friendly feature [10], it

has been widely used in space heating [11] and hot water generation [12].

In many applications, an air-source heat pump should be used together with a heat storage tank in
order to overcome the mismatch between the energy supply and the heat demand or reduce the
operating cost by shifting the charging from electrical on-peak hours to off-peak hours [13, 14],
although it will cause the heat energy loss when a storage tank is utilized. Because phase change
materials (PCMs) have many advantages in heat storage, such as high energy storage density and
nearly isothermal temperature during the phase change process [15-18], the use of PCMs in a
storage tank has gained popularity, which can efficiently reduce the volume of the storage tank or
increase the amount of heat stored in the tank [19-22]. For example, Zou et al. [19] showed that
PCMs was able to effectively reduce the volume of heating storage tanks when it was used in a
heating system. Kumar et al. [23] found that the stratification capability of PCM storage tanks was
stronger than that of water tanks. Navarro et al. [16] reported that the energy efficiency of a
domestic hot water system with a PCM storage tank was enhanced when compared with that with
water tank. Moreno et al. [24] compared with the space cooling system with water tank and PCM
storage tank. It was concluded that the PCM storage tank can supply 14.5% more cold energy than

the water tank.

The investigations for the charging performance of PCM storage tanks are a research hotspot,
which has attracted scholars’ attentions. For instance, Wang et al. [25] evaluated the charging
performance of a solar heat storage system with a PCM storage tank in different mass flow rate

and solar collecting area. They concluded that the mass flow rate had the little influence on the
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thermal performance of the system, and the solar collecting area had important influence on that.
Yang et al. [26] presented the energy and exergy analysis for the charging performance of the solar
storage system with multiple-type packed bed PCM storage tank. They found that the energy and
exergy efficiencies of the multiple-type packed bed PCM storage tank were higher than those of
the single-type packed bed PCM storage tank. Elbahjaoui and Qarnia [27] compared the charging
performance of the solar storage system with double concentric-tube and triple concentric-tube
PCM storage tank. They found that the storage efficiency of the former one was lower than that of
the latter one. Moreno et al. [24] compared the charging performance of the cooling system with
the water tank and PCM storage tank. It was concluded that the charging time of the system with
the PCM storage tank was 4.55 times higher than that of the system with the water tank. Cheng
and Zhai [28] compared the charging performance of the chilled-water storage system with three-
stage cascaded and single-stage PCM storage tank. They concluded that the cold charging rate of
the system with the three-stage cascaded PCM storage tank was 11%-35% higher than that of the
system with single-stage PCM storage tank. However, a systematic investigation for using air-

source heat pumps to charge PCM storage tank is lacking.

The use of PCMs, however, makes the charging a nonlinear process. During the charging procedure,
an air-source heat pump and its associated PCM storage tank form a closed loop, connected by
cycling water driven by a water pump. The heat pump collects heat from ambient air, transferring
the heat to the cycling water. The cycling water delivers the heat to the tank, transferring the heat
to the phase changing materials and the water inside the tank. In this process, the tank temperature
will increase in a nonlinear manner due to the use of PCM: it increases quickly before and after the
phase change; but slowly during the phase change. The air-source heat pump will experience from
full load to partial load condition: it works under full load condition at the beginning of charging;
but approaches to very partial load condition near the end of charging. Due to the dynamic

operating condition, the COP and the power of the air-source heat pump may change significantly.

To study the dynamic behavior of the charging process, an important issue to be concerned is the
charging speed. Generally, charging should be completed as fast as possible. The charging speed
is affected by many factors, for example the thermal properties of PCM materials and the

configuration of PCM storage tanks [29, 30]. Given the PCM material and the configuration of the
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tank, the charging speed have a strong relationship with the cycling water flowrate. Wu et al.’s
study [31] showed that when the cycling water flowrate was reduced from 50 L/min to 10 L/min,
the charging completion time was increased from 41 min to 535 min, increasing by nearly 13 times.
Another important issue is the energy use of the air-source heat pump during the charging process.
Indeed, charging should be completed with the lowest energy use without sacrificing the charging

speed. However, this issue has not been comprehensively studied until now.

This paper therefore proposes a comprehensive study to investigate the energy performance of the
charging process when an air-source heat pump is used to change a PCM storage tank, aiming to
provide a guideline for optimizing the operation of such a heat collection system regarding to
energy use. To this end, a heat collection system of an air-source heat pump with PCM storage tank
is considered. A simulation platform will be constructed using MATLAB and TRNSYS. A test rig
will be set up to validate the model of the air-source heat pump that is used in the simulation
platform. Based on the validated simulation platform, the energy performance of the system during
the charging process will be investigated under different cycling water flowrates. The relationship
between the energy consumption and the cycling water flowrate will be analyzed, and the optimal
flowrate that lead to the minimum energy use will be identified. The rest of the paper is organized
as follows: Section 2 describes the proposed methodology for studying the charging performance
of PCM storage tank. Section 3 shows the case study. Results and analysis are shown in Section 4.

Concluding remarks are summarized in Section 5.

2. Methodology

2.1. System description

The schematic diagram of the system to be investigated in this study is shown in Fig. 1 (a). The
main components include a PCM storage tank, an air-source heat pump, and a water pump. The
air-source heat pump composes of expansion valve, condenser, evaporator, and compressor. As
shown in Fig. 1 (b), two performance indices are concerned in the charging process. One is the
charging completion time, and another is the total energy use. Both of them are affected by outdoor
air temperature and the cycling water flowrate, and thus the outdoor air temperature and the cycling
water flowrate are considered as two critical variables of the charging process. It should be noted

that the cycling water flowrate of the water pump can be adjusted by the inverter in this system.
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Fig. 1. (a) Schematic diagram of the heat collection and storage system; and (b) decision variables and

performance indices for the charging process.

The charging completion time is the time needed to finish the charging, which is strongly relative

to the water flowrate (m,,), as described by:
te=t1-to= f(ThW'Tamb) (1)
where t is the charging start time, and t; is the charging finish time. Generally, charging can be

finished faster if the cycling water flowrate is larger or/and ambient air temperature is higher.

In this heat collection system, electricity is needed for the air-source heat pump and the water pump

during the charging process. The total energy use E;,¢q 1S:

Etotal = Eashp + Ewp (2)
where the energy use of the water pump is given by:
t

Epp=1 Pupdt (3)

If a constant speed water pump is used, the water pump power P, is relatively stable and the
energy use of the pump is proportional to the charging completion time t. ( = tq — ty). Certainly,

the water pump has a higher power when the cycling water flowrate is larger, which can be shown

by an empirical pump model [32]:
3

) “4)

P 7’;’lfc
P, =c0+ Cl,r'nf

mgc M
— o
e )+ s

where mfc and rhfo are the actual and design mass flowrate; and P, and P, are the actual and

designed power; and c is a coefficient which can be identified using field data. However, the energy

use of the water pump during the charging process may not be higher since the charging completion

completiontime

>
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time will be shorter with a higher cycling water flowrate.

The energy use of the air-source heat pump can be written as:
t
Eastp = [Pastp(t) + Pran(t)]dt (5)
where P,y is the fan power, which is relatively constant when a constant speed fan is used; and
P gshp 18 the compressor power of the heat pump, which should not be a constant during the charging
process. The compressor power is related to the ambient air temperature T, and the inlet water

temperature T, [33]:
P ashp = f(TampTin) (6)

During the charging process, the ambient air temperature should be relative stable (the charging
process can be normally finished in two or three hours); while the inlet water temperature increases
gradually with the charging process. This indicates that the heat pump will experience from full
load operating condition (at the beginning) and very partial load operating condition (near the end)
and therefore the variation of the power P, should be nonlinear with the charging time. This
nonlinearity becomes worse when PCM is used. This is because the water temperature increases at
the phase changing stage should be slower compared with the temperature increase before and after
the phase changing stage. As the water flow rate will affect both the charging completion time,
different water flow rate may lead to different energy use of the heat pump in a single charging

Process.

2.2. Methodology to analyze the charging performance

The proposed study in this paper aims to investigate systematically how the cycling charging water
flowrate affects the concerned charging performance (charging completion time and total energy
use). Fig. 2 shows the research methodology used in this study. Firstly, a simulation platform will
be constructed using TRNSYS and MATLAB, which includes the models of the air-source heat
pump and the PCM storage tank as well as weather data. Before carrying out the simulation study,
the models of the air-source heat pump and the PCM storage tank will be validated using the data
collected from experiments. Secondly, after specifying the charging target (i.e. the maximum outlet

temperature of the air-source heat pump is raised to be, say, 55 °C), the effect of different cycling
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water flowrate on the charging completion time and the total energy use will be analyzed using the
data generated from the simulation platform. Finally, the relationship between the cycling water

flowrate and different evaluation indicators will be established to identify the optimal flowrate.
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Fig. 2. The research methodology used in this study.

2.3. Component models

2.3.1. Air-source heat pump model

To develop the air-source heat pump model in TRNSYS, it is important to develop the correction-
factors table that includes the correction factors of power and heat transfer rate in different ambient
temperature and inlet water temperature. The steady-state model in MATLAB will be adopted to
identify the correction factors in different water mass flow rate, shown in Fig. 3. The input variables
of the model in MATLAB include water mass flow rate, ambient temperature, inlet water
temperature, and structural parameters of air-source heat pump. The REFPROP will be adopted to
provide the thermal properties information of refrigerant for the model in MATLAB. The output
variables of the model in MATLAB include power and heat transfer rate. It should be noted that
the air-source heat pump model in TRNSYS (i.e. Type 941) is established in accordance with
performance maps, which should be constructed by a mass of data. Current laboratory conditions
are limited to obtain huge amount of accurate data in different water mass flow rate for completing
performance maps. Hence, the method presented in Fig. 3 is applied to develop the air-source heat

pump model in TRNSYS.
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(a) Steady-state model in MATLAB

The steady-state model of the air-source heat pump is established by the integration of sub-models
of main components including compressor, expansion valve, evaporator and condenser. Fig. 4
depicts the typical T-s and P-h diagram of the vapor compression refrigeration cycle. The model is
adopted to simulate the heat transfer process in the air-source heat pump, which is based on several
assumptions: (1) The isenthalpic process occurs in the expansion valve; (2) The isentropic process
occurs in the compressor; (3) The degree of superheat of the evaporator is assumed to be 2°C [34];
and (4) there is no pressure drop for the refrigerant in the evaporator and condenser. The sub-

models of main components are depicted as follows.

Condenser
Condenser

Compressor
Expansion
valve Compressor
Expansion
valve

Evaporator Evaporator

(a) (b)
Fig. 4. Typical (a) T-s and (b) P-h diagram of the vapor compression refrigeration cycle.
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e Compressor
The mathematical model of the compressor is constructed to identify the mass flow rate of the
refrigerant and consumed power. The mass flow rate of the refrigerant in the compressor (m,) is

calculated by Eqn. (7) [35]:

nCVCrICV

60v, (7)

m,=
where n. is the rotational velocity; V. is the displacement volume; 7., is the compressor volumetric
efficiency; and v, is the gas specific volume at the suction port. The consumed power of the
compressor (W) is calculated by Eqn. (8):

We=mc(hg - hs)/Mci ®)
where 1; is the isentropic efficiency; and h; and hg are the discharging and suction enthalpy,

respectively.

e Condenser

The heat transfer process in the refrigerant side of the condenser can be expressed by Eqn. (9):
Qcr = Men(hic = Roc) €))

where Q. is the heat transfer rate in the refrigerant side of the condenser; m., is the mass flow

rate of the refrigerant in the condenser; h;. and h, . are the inlet and outlet enthalpy of the

refrigerant in the condenser, respectively.

The heat transfer process in the water side of the evaporator can be expressed by Eqn. (10):

Qew = MuwCw(Tow = Tiw) (10)
where Q,, is the heat transfer rate in the water side of the evaporator; m,, is the mass flow rate of
the water; c,, is the specific heat of the water; and T, , and T; ,, are the outlet and inlet temperature

of the water, respectively.

The heat transfer process between the refrigerant and the water in the condenser can be expressed
by Eqn. (11):
Q. =UAAT, (11)

where Q. is the heat transfer rate between the water and the refrigerant in the condenser; U, is the
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total heat transfer coefficient of the condenser; AT . is the log-mean temperature difference of the

condenser.

The total heat transfer coefficient of the condenser (U) is calculated by Eqn. (12):
1

U.= n (12)

h'W

|~

+

=

(4

where h. and h,, are the heat transfer coefficient of the refrigerant and the water in the condenser,

respectively.

The log-mean temperature difference of the evaporator (AT ,) is calculated by Eqn. (13):

AT, = : AT : (13)

where AT and AT, are the temperature difference in the one side and another side of the

condenser, respectively.

The heat transfer coefficient in the water side can be calculated by Eqn. (14):

kN

P =", (14)

where D, is the hydraulic diameter. The Nu,,,. is calculated by the Eqn. (15) [36]:

1 e 0.17

Nu‘WC = CWC(ReWC)Wn(PrWC)g(

(15)

where Re,,. and Pr,,. are the Reynolds number and Prandtl number of the water in the condenser,

Hwew

respectively; u,,. 1s the viscosity of the water; u,,., 1 the viscosity of the water in the wall

temperature; and C,,. and wn are two coefficients.

The coefficient €, is calculated by Eqn. (16):

0718 Re,. <10
WC=[0.348 Re,,.> 10 (16)

The coefficient wn is calculated by Eqn. (17):

0.349 Re,. <10
wn = {0.663 Re,, > 10 (17)

10
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The heat transfer coefficient of the single-phase refrigerant in the condenser (hy,) is calculated by

Eqn. (18):
kSCNuSC

hse =7, (18)

where kg, is the thermal conductivity of the single-phase refrigerant in the condenser.

The heat transfer coefficient of the two-phase refrigerant in the condenser (h;.) is calculated by

Eqn. (19):
kecNuge
hee =7, (19)

where k;. is the thermal conductivity of the two-phase refrigerant in the condenser. The Nu, is

calculated by Eqn. (20) [37]:

o\%?  x, 0lx +08
Nu,. = 0.0125(Retc \F) G=2) Prog3 (20)

where Re;. is the Reynolds number of the two-phase refrigerant in the condenser; p.; and p., are

the density of the liquid-phase and vapor-phase refrigerant in the condenser, respectively; x. is the
vapor quality in the condenser; and Pr; is the Prandtl number of the liquid-phase refrigerant in the

condenser.

e Expansion valve

The mathematical model of the expansion valve is constructed to identify the mass flow rate (m,,),
which is calculated by Eqn. (21) [38]:
my, = AyCn/2Pi(Pi = Py) (21)
where A, is the cross-section area; p; is the inlet density; P; and P, are respectively the inlet and
outlet pressure; C,, is the flow coefficient of the expansion valve, which is calculated by Eqn. (22)
[39]:
C,=0.020054/Pi + 0.634v, (22)

where v, is the outlet specific volume.

e Evaporator

The heat transfer process in the refrigerant side of the evaporator can be expressed by Eqn. (23):

11
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Qe,r = me(ho,e - hi,e) (23)
where Q. is the heat transfer rate in the refrigerant side of the evaporator; m, is the mass flow rate
of the refrigerant in the evaporator; h, . and h; . are the outlet and inlet enthalpy of the refrigerant

in the evaporator, respectively.

The heat transfer process in the air side of the evaporator can be expressed by Eqn. (24):
Qea=MaCa(Tia=To,a) (24)

where Q, , is the heat transfer rate in the air side of the evaporator; m,, is the mass flow rate of the

air; ¢, is the specific heat of the air; and T; ; and T ,, ; are the inlet and outlet temperature of the air,

respectively.

The heat transfer process between the refrigerant and the air in the evaporator can be expressed by
Eqn. (25):

Qe = U AAT, (25)
where Q, is the heat transfer rate between the air and the refrigerant in the evaporator; U, is the
total heat transfer coefficient of the evaporator; AT, is the log-mean temperature difference of the

evaporator.

The total heat transfer coefficient of the evaporator (U,) is calculated by Eqn. (26):
1

U, = (26)

#‘,_.

Ly
he a

where h, and h, are the heat transfer coefficient of the refrigerant and the air in the evaporator,

respectively.

The log-mean temperature difference of the evaporator (AT ,) is calculated by Eqn. (27):
AT,1-AT,»
AT, = —ar,, (27)

In-—
AT,

where AT, and AT, are the temperature difference in the one side and another side of the

evaporator, respectively.

12
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The heat transfer coefficient in the air side (h,) can be calculated by Eqn. (28) [40]:

japaumca

Pr2£3

hg = (28)

where p, is the density of the air; ¢, is the specific heat of the air; j, is the heat transmission factor;

U,y 1s the maximum wind speed; and Pr, is the Prandtl number of the air.

The heat transmission factor (j,) is calculated by Eqn. (29):

Aqy 015
jo=0.0014 + 0.2618Re " 2*() (29)

where Re, is the Reynolds number; and A, and A, are the surface area of the tubes with and

without fins, respectively.

The maximum wind speed (u,,) is calculated by Eqn. (30):

ShSy
=Uu
m f(sn=Dye)(d1 - dy)

u (30)
where u is the wind speed of the fan; sj, and s,, are the tube spacings in the horizontal and vertical
directions, respectively; D;, is the diameter of the tubes; and d; and d;, are the thickness and

spacing of the fins, respectively.

The heat transfer coefficient of the single-phase refrigerant in the evaporator (hg,) is calculated by

Eqn. (31):

kseNug,
hse = Do (31)

where kg, is the thermal conductivity of the single-phase refrigerant in the evaporator. The Nuy, is

calculated by Eqn. (32):
(fse/B)ResePrs,

Nuge = (32)

Fo05 2
se g
1.07 + 1.27(7) (Prsz-1)

where Re,, and Prg, are the Reynolds number and Prandtl number of the single-phase refrigerant
in the evaporator; f,, is the friction coefficient, calculated by Eqn. (33):

fse = (1.82InReg, — 1.64) 2 (33)

13
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The heat transfer coefficient of the two-phase refrigerant in the evaporator (h;,) is calculated by

Eqn. (34):
hie = heé
_ _ -0.
0.4 001 pel 0.37 22 hev 001 0.7 Pel 67 2
(1-20) + 12654 (1 - %)™ ) + [ x%e (1 +8(1 - x) (—) )]
(34)

where h,; and h,,, are the heat transfer coefficient of the liquid-phase and vapor-phase refrigerant,
respectively; p,; and p,, are the density of the liquid-phase and vapor-phase refrigerant,

respectively; x, is the vapor quality of the refrigerant.

Fig. 5 depicts the calculation flow chart of the steady-state model of the air-source heat pump.
Firstly, the structural parameters of main components model are set. The values of the evaporation

pressure (P,) and condensation pressure (P,.) are assumed. Then, the compressor model, condenser

model, and expansion valve will be operated in order. The difference between the mass flow rate

of the refrigerant in the compressor (m,) and the mass flow rate of the refrigerant in the expansion
valve (m,) will be judged. If this difference cannot be accepted, the P, will be changed. The P,
will be increased when the m, is larger than m,, and vice versa. Once the difference is acceptable,

the evaporator model will be operated. Next, the difference between the heat transfer rate in the

condenser (Q.) and the sum of the heat transfer rate in the evaporator (Q,) and power of the
compressor (W) will be judged. If this difference cannot be accepted, the P, will be changed. The
P, will be increased when the Q. is less than the sum of Q, and W.. Once the difference is
acceptable, the values of the output variables including Q. and W, will be obtained. The
relationship between the Q. and the given water flow rate (m,,), and that between the W and the

m,, will be identified.

14
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Fig. 5. Calculation flow chart of air-source heat pump model in MATLAB.

(b) TRNSYS model
The schematic for the adopted air-source heat pump model in TRNSYS is shown in Fig. 6. The
inputs are the inlet water temperature and the water flowrate; while the outputs are the outlet water

temperature and the power.

The outlet water temperature of the air-source heat pump (T, ) is calculated by Eqn. (35):

Ahp,act

Tou(®) = Tip(t) + oo (35)
where qpp qc¢ 18 the actual heat transfer rate of the air-source heat pump, which is determined by
Eqn. (36):

Thp,act(t) = Php,q(t)Anp, rated (36)

15
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where @y, 4 is a correction factor of the heat transfer rate; and qpyp, rqreq 1S the rated heating capacity
of the air-source heat pump. The actual power of the air-source heat pump (Ppy, 4c¢) is determined
by Eqn. (37):

Prp,act(t) = @np,p(OPhp, rated (37)
where @y, is a correction factor of the actual power; and Py, r4teq 18 the rated power of the air-

source heat pump.

The correction factors @p,, and @py,,, are normally nonlinear functions of the inlet water

temperature and flowrate as well as the outdoor dry bulb temperature. Their values are derived

from the data generated by the stead-state model of the air-source heat pump.

1

! . .

i Main parameters of air- |
, ‘
' source heat pump

Inlet water i Outlet water
temperature »| * Relationships between actual temperature >
Cycling water and rated heat transfer rate;
flowrate « Relationships between actual Power
> and rated power.

Fig. 6. Schematic diagram of air-source heat pump model in TRNSYS.

2.3.2 PCM storage tank

The schematic of the adopted PCM storage tank model is shown in Fig. 7. The inputs are the inlet

water temperature and the water flowrate; while the outputs are the outlet water temperature. Fig.

8 shows the schematic diagram of the heat transfer process between the PCM and the water inside

the storage tank. To simplify the thermodynamic model of the PCM storage tank, the following

assumptions are made [41]:

e The temperature of the PCM is invariable during the change process;

e No heat transfer occurs between the storage tank and the ambient environment;

e  Only the temperature variation of the PCM and the water along the water flow direction is
considered;

e  The thermo-physical properties of the PCM and the water are not affected by the temperature.
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Fig. 7. Schematic diagram of PCM storage tank model.

Based on the above assumptions, the governing energy balance equation of the heat transfer process

between the PCM and the water is calculated by Eqn. (38):

d Twr 0 Twr aszr htApm(Tpm - Twr)
PwrCP € ( ot T Vwr gy ) = Kyréwr 9%y + v, (38)

where py,r, COwr» Vwrs Twr» and k- are the density, specific heat, velocity, temperature, and thermal
conductivity of the water, respectively; t is the time; ¢,,, is the water fraction in the energy storage
tank; h, is the effective convective heat transfer coefficient between the water and the PCM; A,
is the heat transfer area of the tube wall; T, is the temperature of the PCM; V, is the volume of

one element; and x is the distance along the water flow direction.

l.' Hot water

IR |
! Distributor o ___.
! PCMtube _ip---=="=-==r=rmmrmimimim i — e - |
N . 006 ,.,.0080)
L e " T, 008
Tl 006 7,.00 0|
ya :::: : S TTiTiUIITTITTITiTIITITIT

PCM tube | | | |

l Cold water

Fig. 8. Schematic diagram of the heat transfer process between the PCM and HTF in the storage tank (“n”

[33 ¢k
l

represents the number of the row; and “i” represents the number of the divided volume for the PCM or water).
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The heat transfer of the PCM is determined by Eqn. (39):

aHpm htApm(Tpm - TWT)
ppm(1 - gwr) 9t v, (39)

where pp,, and H,,, are the density and enthalpy of the PCM, respectively. H,,, is calculated by
Eqn. (40):

Hym = cPpmTpm + fmAHpm (40)
where cpy,,, is the specific heat of the PCM; AH,y, is the melting latent heat of the PCM; and f,

is the melting fraction of the PCM, which is determined by Eqn. (41):

fm=0, Tym< Ty
0<fm<1, Tym= Tn (41)
fm=1, Tym> Ty

where T, is the melting point temperature of the PCM.

The convective heat transfer coefficient of the water (h,,,-) is calculated by Eqn. (42) [42]:

kyrNuy,,
wr = " p,. (42)
where Nu,,, is the Nussle number of the water, given by Eqn. (43):
Nu,,, = BRe/%.Pri/3 (43)

where Re,,, and Pr,,, are the Reynolds and Prandtl numbers of the water, respectively; and B and

z are coefficients, which can be identified according to the range of Re,,,.

3. Case study
3.1. Parameters of PCM storage tank

The paraffin wax is used as the PCM, the thermal properties of which is presented in Table 1. It
has the melting temperature and latent heat of 44°C and 174.12kJ/kg, respectively [43]. The
structural parameters of the PCM storage tank are shown in Table 2. The tube outer diameter is

12.7mm [44], and the water fraction is 0.4 [45].

Table 1 Thermal properties of the paraffin wax [43]

Item Unit Values

Melting temperature (°C) 44
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Latent heat (kl/kg) 174.12
Thermal conductivity (W/m-°C)  0.13
Solid density (kg/m?) 830
Liquid density (kg/m?) 783
Solid specific heat  (kJ/kg°C) 2.44
Liquid specific heat  (kJ/kg-°C)  2.53

Table 2 Structural parameters of the PCM storage tank

Items Unit Values
Column number of PCM tubes - 5
Row number of PCM tubes - 25
Tube length cm 30
Tube inner diameter mm  12.5
Tube outer diameter mm  12.7
Water fraction - 0.4

3.2. Parameters of air-source heat pump

The adopted compressor in this study is hermetically sealed. Its displacement volume is 8.85 cm?.
The rational velocity is 2800 per minute when the electrical frequency is 50 Hz; and it is 3400 per
minute when the electrical frequency is 60 Hz. The relationship between the volumetric efficiency
(ncv) and the division between the condensation pressure and evaporation pressure (P./P,), and
the relationship between the isentropic efficiency (n;5) and the P./P,, is identified by the measured
data from the application specifications of the air-source heat pump. Fig. 9 depicts the relationship

between (a) n., and P./P,; and (b) ;s and P./P,.
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Fig. 9. Relationships between (a) 1), and P./P,; and (b) ;5 and P./P,.

The relationship between 1., and P./P, can be expressed by Eqn. (44):

P
Ney =— 0'0927(P_e) + 0.8651 R?=0.8883 (44)
The relationship between 1;; and P./P, can be expressed by Eqn. (45):
Pc
Nis = 0.0647(1,—6) + 0.2844 R?=0.7065 (45)

The condenser is a plate heat exchanger with the dimension of 14.5cm X 7.6cm X 31.7cm is
adopted in this air-source heat pump. The number of the plates is 60, and the corrugation angle is
assumed to be 30°. The thickness of the plate is assumed to be 0.5mm [46]. The inlet diameter of
the expansion valve is 9.525mm, and the valve opening of 20% is assumed. The finned-tube
evaporator with the dimension of 11cm X 29.3cm X 30.5cm is adopted in this air-source heat pump.
The total length and diameter of the tubes to be used to transfer heat are 7.032m and 1.02cm. The

fin spacing, thickness, and height are 5mm, 0.24mm and 3.5mm, respectively.

3.3. Experimental setup of air-source heat pump

A test rig of an air-source heat pump was built to collect the field data, which is used to validate
the reliability of the steady-state model. The main components of the test rig include an air-source
heat pump, a water pump, a data logger, three temperature probes, a power meter, a frequency

converter and one computer. The experimental air-source heat pump was manufactured by the P.
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A. Hilton Ltd. R134a is adopted as the refrigerant in the air-source heat pump. Table 3 shows the
information of other main devices used in the experimental process. The temperature probes and
data logger were used to collect and record the water and ambient air temperature, respectively.
The frequency converter was utilized to maintain the water flow rate at the set value. The power

meter was adapted to measure the power of the air-source heat pump.

Table 3 Information of other main devices used in the experiments

Device items Type Accuracy Manufactures

Date logger BTM-4208SD <+0.1%  LUTRON ELECTRONIC ENTERPRISE Co. Ltd.
Temperature probe  K-type <#+0.4°C  LUTRON ELECTRONIC ENTERPRISE Co. Ltd.
Pump PT416916 - FLOJET Co. Ltd.

Power meter 43B <£2% FLUKE Co. Ltd.

Frequency converter 0.75KW/220V - Hengxing Xin Co. Ltd.

3.4. Simulation platform

The simulation platform of the charging system was constructed using TRNSY'S 17 and MATLAB.
Type 941 and Type 3b in the TRNSYS were used to simulate the air-source heat pump and the
water pump, respectively. Eqn. (4) was used to describe the relationship between the pump power
and the water mass flowrate, where ¢, c1, 3, and c3, was set to be 0, 0.0016, -0.0037, and 0.9671,
respectively [32]. The PCM storage tank model presented in the section 2.3 was used in this
platform. A finite difference method (FDM) was used to discretize the governing equations [47];
and the discretized algebraic equations were solved by MATLAB codes. The MATLAB codes
were linked to TRNSYS 17 using the MATLAB interface Type 155. Fig. 10 presents the

established simulation platform.
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Fig. 10. Established simulation platform in the TRNSYS 17.

4. Results and analysis

4.1. Identification of correction factors

In order to establish the air-source heat pump model in TRNSYS, the correction factors of the
heating capacity and power are required to be determined based on the data generated from the
steady-state model. The rated heating capacity and power of the air-source heat pump are set to be
1000W and 300W, respectively. Fig. 11 shows the correction factors of the heating capacity,
correction factors of the power and the COP of the air-source heat pumps in different water mass
flow rate. The ambient air temperature is set to be 20°C. The selected inlet temperature values
include 20°C, 25°C, 30°C, 35°C, 40°C, 45°C, 50°C, and 55°C. According to the introduction in the
specifications for the air-source heat pump of P. A. Hilton Ltd., the maximum outlet temperature
of the air-source heat pump is not more than 55°C. During the simulation process of the steady-
state model, 5°C is selected as the safe temperature difference. The typical inlet water temperature
values will not be considered when the outlet temperature is more than 60°C. Hence, the selected
maximum inlet temperature values when the mass flow rate is 10g/s, 20g/s, 30g/s, 40g/s, and 50g/s

are respectively 40°C, 50°C, 55°C, 55°C, and 55°C, as depicted in Fig. 11.

In Fig. 11 (a), the correction factor of the heating capacity reduces with the increase of the inlet
temperature, and with the decrease of the mass flow rate. The maximum correction factors when

the mass flow rate is 10g/s, 20g/s, 30g/s, 40g/s, and 50g/s are 0.924, 0.944, 0.951, 0.964, and 0.964,
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respectively; and the minimum correction factors when the mass flow rate is 10g/s, 20g/s, 30g/s,
40g/s, and 50g/s are 0.726, 0.800, 0.800, 0.815, and 0.815, respectively. In Fig. 11 (b), the
correction factor of the power increases with the increase of the inlet temperature, and with the
decrease of the mass flow rate. The maximum correction factors when the mass flow rate is 10g/s,
20g/s, 30g/s, 40g/s, and 50g/s are 1.920, 1.869, 1.977, 1.950, and 1.900, respectively; and the
minimum correction factors when the mass flow rate is 10g/s, 20g/s, 30g/s, 40g/s, and 50g/s are
1.369, 1.061, 1.028, 0.992, and 0.964, respectively. In Fig. 11 (c), the COP of the air-source heat
pump reduces with the increase of the inlet temperature, and with the decrease of the mass flow
rate. The maximum COP when the mass flow rate is 10g/s, 20g/s, 30g/s, 40g/s, and 50g/s are 2.25,
2.97, 3.08, 3.24, and 3.40, respectively; and the minimum COP when the mass flow rate is 10g/s,
20g/s, 30g/s, 40g/s, and 50g/s are 1.26, 1.42, 1.34, 1.39, and 1.43, respectively.

1.00
—m—m =10g/s 20k
—0=—m =20g/s
0.95 - —A— =
m =30g/s 18l
=v=m =40g/s
0.90 + —4—m =50g/s
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-
T
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Fig. 11. (a) Correction factors of heating capacity; (b) correction factors of power; and (c) COP of the air-

source heat pump in different water mass flow rate.

4.2. Model validation

To evaluate the correctness and reliability of the adopted models, the average relative error (e,)

between the predicted and measured temperature is selected as the indicator, defined by Eqn. (46):
1 k=s Mexp,k - Msim,k
€a= 2y _

| % 100% (46)

where s is the number of samples; My, and Mg, ) are the measured and predicted values,

respectively.

In our previous study [14], the correctness and reliability of the dynamic heat transfer model of the

PCM storage tank have been validated. The e, of this model is 3.97%, which suggests that this

model is reliable and correct. Fig. 12 depicts the measured values and deviations between the
measured and calculated values in different inlet temperature of the air-source heat pump, and the
error bands in the measurements were set according to the accuracy of the measuring devices.
During the test process, the cycling water mass flowrate was maintained at 44g/s, and the ambient
air temperature was around 19°C. The typical water inlet temperature was 25°C, 30°C, 35°C, 40°C,
45°C, 50°C, and 55°C. It can be seen that there was a good agreement between the calculated and

measured outlet water temperature. The e, of outlet water temperature and power was respectively

1.21% and 10.8%, which suggested that the steady-state model of the air-source heat pump was
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reliable and accurate. Thus, the developed air-source heat pump model in TRNSYS was

reliable, since performance maps were established by the steady-state model in MATLAB.
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Fig. 12. Measured values and deviations between the measured and calculated values of (a) outlet temperature

and (b) power in different inlet temperature.

4.3. Effect on water temperature variation

The charging process when the ambient air temperature was 20°C, and the initial temperature of
the PCM storage tank was 20°C, was simulated. Fig. 13 shows the inlet and outlet temperature
variation of the air-source heat pump with time in different water mass flow rate. The charging
process was completed when the outlet temperature of the air-source heat pump reached to 55°C,
which was the maximum water temperature the air-source heat pump could heat up to. Except the
case when the mass flow rate was 10g/s, other cases experienced a period with relatively steady
temperature variation, due to the occurrence of the phase change process. The lower mass flow rate
lead to the higher outlet temperature, resulting from higher temperature difference between inlet
and outlet water temperature. Although the inlet temperature of the PCM storage tank (i.e. outlet
temperature of the air-source heat pump) increased with the decrease of the water mass flow rate,
the outlet temperature of the PCM storage tank (i.e. inlet temperature of the air-source heat pump)
increased with the increase of the water flow rate. The reason might be that the higher water mass

flow rate results in the higher heat transfer rate in the air-source heat pump.
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Fig. 13. Variation of (a) inlet temperature and (b) outlet temperature of the air-source heat pump with time in

different water mass flow rate.

4.4. Effect on charging time

Fig. 14 depicts the variation of the charging time with water mass flow rate in different stored heat
energy. When the required stored heat energy is fixed, the charging time reduces with the increase
of the water mass flow rate. For example, as shown in Fig. 14 (b), the charging time is 659.4s,
644.3s, 639.9s, 637.2s, and 637.2s, when the water mass flow rate is 10g/s, 20g/s, 30g/s, 40g/s, and

50g/s, respectively. The relationships between the charging time (t.) and the mass flow rate (m,,)

in different stored heat energy (Es;oreq) are summarized in Table 4.
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Fig. 14. Variation of charging time with water mass flow rate in different stored heat energy: (a) 300kJ; (b)
600kJ; (c) 900kJ; (d) 1200kJ; (e) 1500kJ; and (f) 1800kJ.

Table 4 The relationships between the t, and m,, in different Es¢oreq

Estored Relationships between t. and m,,

300k]  t.=0.0083m,%-0.7351m,, + 330.82 R?=0.9745
600k]  t.=0.0228m,? - 1.8821m,, + 675 R?>=0.9774
900kJ  t.=0.019m,% - 1.664m,, + 1010.2 R?=0.9977
1200kJ  t.=0.0318m,,% - 2.7995m,, + 1377.7  R? = 0.9942
1500kJ  t.=0.0437m,,* - 3.8755m,, + 17454  R?>=0.9920
1800kJ  t.=0.027m,*? - 2.54m,, + 2068.6 R?=
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1 4.5. Effect on total energy use

2 Fig. 15 shows the variation of total energy use with water flow rate in different stored heat energy:
3 (a) 300kJ; (b) 600kJ; (c) 900kJ; (d) 1200kJ; (e) 1500kJ; and (f) 1800kJ. From Fig. 15 (c), (d), and
4 (e), it could be seen that the case when the mass flow rate was 10g/s, cannot satisfy the stored heat
5  energy demand of 900kJ, 1200kJ, and 1500kJ. From Fig. 15 (f), it could be seen that the cases
when the mass flow rate was 10g/s and 20g/s, cannot satisfy the stored heat energy demand of
1800KkJ. For the stored heat energy demand of 300kJ, 600kJ, 900kJ, 1200kJ, 1500kJ, and 1800klJ,
the minimum total energy use was 115.4kJ, 256.3kJ, 431.2kJ, 616.1kJ, 802.5kJ, and 996.2kJ, which

0 N o

9  occurred when the mass flow rate was 20g/s, 30g/s, 30g/s, 30g/s, 30g/s, and 30g/s, respectively.
10  The relationships between the total energy use (E},t,;) and the mass flow rate (m,,) in different

11 stored heat energy (Es;oreq) are summarized in Table 5.
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Fig. 15. Variation of total energy use with water flow rate in different stored heat energy: (a) 300kJ; (b) 600kJ;
(c) 900kJ; (d) 1200kJ; (e) 1500kJ; and (f) 1800kJ.
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Table 5 The relationships between the Ey¢q; and my, in different Egioreq

Estored Relationships between E}y¢q; and m,,

300k]  Eyprq = 0.0557m,,% - 3.6273m,, + 172 R?=0.8872
600k]  Eprq = 0.0956m,,% - 6.1019m,, + 350.72 R%?=0.9362
900 kI E;orq = 0.0907m,,? - 5.4543m,, + 513.22 R’=1
1200kJ  Eypeq = 0.1395m,,% - 9.0449m,, + 762.24 R?=0.9998
1500 kI Eyprq = 0.1879m,,% - 12.603m,, + 1012.1 R%?=0.9993
1800 kJ  Eppeq = 0.2173m,,% - 14.54m,, + 1236.8 R’=1
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5. Conclusions

In this study, the energy performance of the charging process when an air-source heat pump was
used to charge a PCM storage tank was comprehensively investigated. The simulation platform of
the system was constructed by TRNSYS and MATLAB. The thermodynamic model of the PCM
storage tank has been validated by the previous experimental results in the literature. A steady-state
model of the air-source heat pump was solved and validated by measured data from the established
experimental setup. The typical values of the input and output variables from the steady-state model
were used to identify the required correction factors of the air-source heat pump model in TRNSYS.
Based on the established platform, the effect of the water mass flow rate on the inlet and outlet
temperature variation, charging time, and total energy in different stored heat energy were analyzed.
The increase of the water mass flow rate led to the increase of the inlet temperature of the PCM
storage tank, but it led to the decrease of the outlet temperature of the PCM storage tank. The
increase of the water mass flow rate led to the decrease of the charging time in the fixed stored heat
energy demand. In addition, it was found that in given stored heat energy demand, the relationships
between the water mass flow and total energy use could be well fit in a quadratic expression. The
optimal water mass flow rate for obtaining the minimum total energy use could be identified by
these relationships. Hence, this study presented an efficient analysis method for investigating the
energy performance of using the air-source heat pump to charge the PCM storage tank. This method
could effectively determine the relationships between the water flow rate and total energy use,
which provides a meaningful guideline for the optimal design of the system integrates the air-

source heat pumps and PCM storage tank.

Further studies should be conducted as follows: (i) the used air-source heat pump model in
TRNSYS is developed based on performance map, which is constructed by steady-state model in
MATLAB. More advanced laboratory conditions should be used to obtain huge amount of high-
accuracy data for establishing performance map for air-source heat pump model in TRNSY'S; (ii)
more complex heat transfer model of air-source heat pump should be established for investigating
the dynamic behavior of using air-source heat pump to charge PCM storage tank; (iii) more
comprehensive experimental platform of the entire system that comprises both air-source heat

pump and PCM storage tank should be established, and it can be used for the validation of the
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dynamic behavior of the entire system (e.g. charging time).
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