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Abstract

The air source heat pump has been demonstrated to be an efficient clean space
heating technology, but the frosting on the exterior surface of the evaporator will
largely decrease its performance. In this paper, the triangular solar air collector is
adopted for evaporator frost restraint of the air source heat pump, and the dynamic
heat transfer model of the triangular solar air collector and quasi-steady-state frosting
model of the evaporator were established and coupled. The effect of frost layer
thickness variation on evaporator air flow is considered based on the resistance
factor to improve the applicability of the model. The heat flux and water vapor
diffusion flux at different frost time and frost thickness were calculated, and the
frosting characteristics of the air source heat pump with the triangular solar air

collector and the conventional air source heat pump were compared on varying
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working conditions and typical daily meteorological parameters. Results show that

triangular solar air collector can effectively restrain the frosting of the air source heat

pump, and when the solar irradiance is 500 W/m?, the triangular solar air collector

can reduce the frost thickness by more than 15%. The triangular solar air collector

increases the total heat flux by 101.4 W/m? under frosting conditions, which reduces

half of the defrosting times and increases the heat exchange of the evaporator by

36.6 % during a typical day, indicating that triangular solar air collector significantly

improved the energy efficiency of air source heat pump on frosting condition.
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Nomenclature

A
Atotal

Atube

heff

hm,ef‘f

isv
JN

ks

surface area (m?)

total heat transfer area of finned-tube evaporator
(m?)

tube base area of the finned-tube evaporator (m?)

absorption coefficient of water by frost layer (-)
evaporator fan similar law formula constant (-)
specific heat capacitance (J/(kg-K))

effective water diffusion coefficient (m?/s)
standard water diffusion coefficient (m?/s)
thickness (m)

fin root diameter of evaporator (m)

residual tolerance (-)
resistance factor (-)

convective heat transfer coefficient (W/(m?-K))
convective mass transfer coefficient (m/s)

solar irradiance (W/m?)

vaporization latent heat of water (kJ/kg)

j factor of N-row-tube finned-tube evaporator (-)
thermal conductivity of the frost (W/(m-k))

T temperature (K)

Tstt equivalent temperature of the
evaporator surface (K)

_a average temperature of the
incoming air (K)

u velocity in the x direction (m/s)

\% volume (mq)

v velocity in the y direction (m/s)

W moisture content (g/kg)

Wis saturated air moisture content
corresponding to the frost
surface temperature (g/kg)

Wa average moisture content of
incoming air (g/kg)

Subscript

a air

ab absorb

air air

conv  convection
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L fin length along the airflow direction (m) env environment
M mass (kg) f frost
Ma mass transfer of water vapor between incoming air ~ fin fin

and frost layer (g/(m?-s)) fs frost surface
Ns fan speed (r/min) hole  hole
m mass flow rate (kg/s) ho housing
Ms mass flux of water vapor between incoming air and i ice

frost layer (g/(m?-s)) in inlet
m, water mass flux for increasing the frost density out outlet

(9/(m?-s)) rad radiation
ms water mass flux for thickening the frost layer sat saturated

(g/(m?-s)) sens  sensible heat
P porosity factor (-) tep transparent cover plate
Pe full pressure (Pa) tube  tube base
Q heat transfer capacity (W) Greek symbols
q heat flux (W/m?) I dynamic viscosity (kg/m-s)
Jeonv  CONvective heat transfer (W) T time (s)
Qrad  radiant heat transfer (W) A thermal conductivity (W/m-K)
S fin pitch of finned-tube evaporator (m) 0 thickness (m)
Sp beam solar irradiance absorbed (W) p density (kg/m?3)
Sq diffusion solar irradiance absorbed (W) v kinematic viscosity (m?/s)
1 Introduction

Renewable space heating technologies are potential solutions for

decarbonization [1]. Air source heat pumps (ASHPs) are widely used in space

heating due to their advantages of availability of renewable energy [2], high energy

efficiency, reliable operation [3], and limited space occupation [4]. But under

specific ambient temperatures and high humidity, frost will form on the exterior

surface of the outdoor evaporator of ASHP [5], which will deteriorate the heat

transfer and decrease the performance of ASHP [6]. Research shows that frosting
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will reduce the energy efficiency of the ASHP by 40 % and the heating capacity by
43 % [7].

In order to understand the frosting phenomenon and alleviate its adverse
influences on ASHP performances, numerical and experimental investigations on
frosting mechanisms and frost characteristics have been carried out. Song et al. [8]
considered that the thickness of the frost layer is the most significant parameter in
the frosting process of ASHP because of its direct effects on the airflow through the
evaporator. Zhang et al. [9] developed a novel frost model considering the variation
of frost density along the frost thickness direction, which can improve the prediction
precision of frost thickness by 5.1 %. The experiment showed that the frost densities
on the surface of the frost layer and the surface of the finned-tube evaporator can
differ by 68 % [10]. The external environmental parameters are the main factors
affecting frosting on the outdoor evaporator. Seker et al. [11] established a transient
semi-empirical model of frost formation on the finned-tube evaporator and analyzed
the effects of air temperature, relative humidity and the surface temperature of the
evaporator on the growth rate of frost thickness. Ji et al. [12] analyzed the influence
of relative humidity on the frosting of the finned-tube solar-assisted heat pump
(SAHP). They found that the COP of finned-tube SAHP decreases by 11% when the
relative humidity of the incoming air increases from 50% to 70%.

Due to the negative effects of frosting on the ASHPs, it is necessary to
investigate methods to restrain frosting [13]. Current research and applications of

ASHP restrain frosting through three main avenues [14]: (1) Restraining frost with
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additional equipment; (2) Optimizing the structure of outdoor evaporators; (3)
Changing inlet air parameters of evaporators. Tan et al. [15] and Sonobe et al. [16]
applied ultrasonic vibration and air-jet to ASHP, which can restrain frost effectively
but increase the initial investment. Lee et al. [17] analyzed the air-side heat transfer
characteristics of flat plate finned-tube evaporators at different structures under
frosting conditions, showing that fin pitches and staggered tube alignment had a
great effect on frost restraining, but changing the structure of the evaporator may
decrease its heat transfer performance under non-frosting condition. Compared to the
above methods, changing the inlet air parameters of evaporators is an effective and
easily-attainable way to restrain frost and does not require changes to the marketed
evaporator structure. And a more feasible and ecological approach is to utilize solar
thermal energy. Huang et al. [18] established a dynamic model of frosting in a flat-
plate direct-expansion solar-assisted heat pump (DX-SAHP) and analyzed its
frosting conditions. Results showed that when the ambient temperature was -1°C and
the relative humidity was 70%, the solar radiation increased from 0 W/m? to 100
W/m?, and the thickness of the frost layer decreased from 0.176 mm to 0 mm.
According to Kong et al. [19], higher solar radiation could effectively increase the
evaporation temperature of the SAHP collector/evaporator and result in a decrease in
the frosting rate.

Solar air collectors (SACs) are also extensively applied as a renewable energy
space heating method [20], and can be coupled with ASHP to enhance both

performance [21]. The SAC-coupled ASHP can preheat the evaporator inlet air, thus
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increasing the evaporation temperature and the COP of the ASHP [22]. However, the
frost restraining effect it plays in this process has been ignored by researchers and
rarely analyzed.

In this paper, a novel triangular solar air collector (TSAC) is proposed and
coupled with ASHP to provide a frost restraint effect. A dynamic heat transfer model
of the novel TSAC and a quasi-steady-state frost model are developed and verified
by experiment. The relationship between airflow and resistance factor is considered
in the frost model in order to be quickly adjusted to different evaporators. Based on
the models, the frost characteristics of the ASHP with the novel TSAC are compared
with the conventional ASHP under different operating conditions, and the
effectiveness of the TSAC for frost restraint was analyzed.

The main contributions of this study can be summarized as: (1) A novel coupled
frost model for the TSAC and ASHP evaporator was established with better
applicability. (2) The frosting characteristics of the finned-tube evaporator were
investigated numerically. (3) The effectiveness of TSAC in restraining frost was

studied.

2 Model development and solution
2.1 The model of triangular solar air collector
2.1.1 The physical model of triangular solar air collector
The structure of the proposed TSAC is shown in Fig 1. The TSAC places facing

south and the tilted transparent cover plate is inclined at 60°. The recirculating air is
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extracted by the fan into the TSAC from the air inlet, exchanges heat with the solar-
heated perforated corrugated absorbers (PCAs), and then leaves from the outlet. The
PCA:s are installed in three parts inside the TSAC, at angles of 30°, 120° and 52°, to
absorb solar irradiance and heat the circulating air without blocking each other
throughout the heating season. The porosity factor of PCAs is 0.085 and the pore
size is 4mm. The corrugated shape and porous structure of PCAs can break the air
boundary layer on their surface, thus enhancing turbulence and strengthening heat
transfer. The absorption rate of PCAs reaches 0.92 with black chromium coating.
The sides, backs and undersides of the TSAC are coated with insulation material.

The geometric and physical parameters of the TSAC are listed in Table 1.

Air inlet

s

Transparent cover plate

/

Insulation
housing

Perforated corrugated

Air outlet

Fig. 1. Structure of the TSAC

Table 1. The geometric and physical parameters of the TSAC

TSAC Section size: 2.4x2.1x1.2 (mxmxm), width: 0.7 (m)
Single/Double Materials: Polycarbonate;

transparent cover plate  Physical parameter: acp=0.1; &tcp;=0.67




Perforated corrugated J1p=0.2/0.06 (W/(m-K)); 7tc;=0.89/0.79;
absorber Physical parameter: Aap=14.8 (W/(m-K)); 0ap=0.92; £2,=0.2;
Materials: Polystyrene board and galvanized sheet
Physical parameter: 1n0=0.028 (W/(m-K)); ano=0.2; eno=0.1
Air inlet/outlet Section size: 0.15%0.4/0.2x0.2 (mxm), length: 0.6 (m)

Insulation housing

122

123 The following assumptions are considered to establish the mathematical model

124  of the TSAC:

125 (1) The heat transfer of the TSAC in the cross-section is neglected.

126 (2) The velocity of the recirculating air is uniformly distributed over the TSAC
127 cross sections.

128 (3) The density of recirculating air is considered constant as the air inside the
129 TSAC has a narrow range of temperature and pressure variations.

130 (4) The thermal parameters of the insulation housing, PCA, transparent cover
131 plate and recirculating air are temperature independent.

132 (5) The heat losses between the insulation housing and the external
133 environment are ignored.

134  2.1.2 The mathematical model of triangular solar air collector

135 A one-dimensional heat transfer model of the TSAC was developed along the
136  elevation direction. The energy conservation equation for the recirculating air is
137 formulated as Eq. (1). It consists of the heat unsteady term, the convection term, and
138  source terms representing the convective heat exchange between the recirculating air
139 and TSAC components.

LIl (W %)

140 M aiGC,air air “p,air = qconv,ho—air + qconv,hole + qconv,tcp»air + qconv,ab»air (1)
ot OX

141 Energy conservation equations for the transparent cover plates, Eq. (2), the PCA, Eq.
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(3) and the insulated housing, Eq. (4) are formulated as follows. Their composition is
similar to Eq. (1), but without the convection term, possessing the diffusion term and
radiative heat gain denoted by source terms. More detailed descriptions of the TSAC

model are in our previous published work [23].

oT, o,
tcp tcp
Mtcpcp.tcp 81 _Vtcp}“tcp 6X2 + Sb.tcp + Sd.tcp + qconv.tcp-env + qconv.tcp-air + qrad.tcp-env + qrad.tcp-ab + qrad.tcp—ho (2)
2
oT, oT

_ ab
Mabcp,ab 61 _Vab}‘ab aXZ + sb,ab + sd,ab + qconv,ab—air + qconv,hole + qrad,ab-tcp + qrad,ab-ho + qrad,ab-ab (3)

ot T
ho _ ho
M hocp,ho 6r _Vhox’ho axz + qconv,ho-air + qrad,ho-tcp + qrad,ho-ab + qrad,ho-ho (4)

The discrete diffusion, convective, and unsteady terms were represented by the
central difference, first-order upwind, and fourth-order Runge-Kutta methods,
respectively.

2.1.3 The boundary and initial conditions
The boundary conditions of the mathematical TSAC model are:
T (X, T)‘X:O =T, (r)
My, (X’ r)|x=0 =m;, (7)

The variations of environmental temperature Tenv, Wind speed Ven, and solar

irradiance lg with time are considered. The initial conditions of the mathematical

model are listed below:

Ta (X’ T)|T:0 :thp (X’ T)L:o =T (X’ T)L:o =Tho (X’ T)L:O =To

=0

2.2 Frosting model

A quasi-steady-state frosting model of the finned-tube evaporator has been
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developed and coupled with the mathematical model of the TSAC. The following
assumptions are considered to simplify the frosting model and facilitate the
calculation:

2.2.1 Assumptions of the frosting model

(1) The frost thickness is considered constant during a time step and only
updated at the end of the time step.

(2) The heat capacity of the frost layer is ignored.

(3) Only the heat and mass transfer along the thickness direction of the frost
layer is considered in the one-dimensional frosting model.

(4) The original growth period during frosting is not considered, i.e., the initial
frost thickness and frost density are directly input.

(5) The thickness of frost is consistent across the effective frosting area of the
finned-tube evaporator.

(6) The water content of the air inside the frost layer is supersaturated, and the
amount of water absorbed inside the frost layer is proportional to the density
difference between the supersaturated water inside the frost layer and the saturated
water at the corresponding frost layer temperature.

(7) The thermal conductivity of the frost is determined only by the frost density.

(8) The convective heat and mass transfer inside the frost layer are ignored.
2.2.2 The mathematical model of frosting

To simplify the frost model, the frost distribution is assumed to be the same for

each heat transfer unit of the finned-tube evaporator. As shown in Fig. 2, a heat and
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mass transfer unit consists of fins in a box and copper tubes on both sides of the fins,
which are frosted on the windward side. The heat and mass transfer processes of the
frosting on the finned-tube evaporator are shown in Fig. 3. Heat conduction exists
between the frost layer and the evaporator surface. Heat and mass transfer occur
inside the frost layer through thermal conduction and molecular diffusion. The
incoming air flows over the frost layer and exchanges heat and mass with it
convectively. For the steam entering the frost layer through convective mass transfer,
part of it condenses on the surface thickening the frost layer, and the rest is absorbed

into the interior of the frost layer increasing its density.

No frost
Fin ‘
Fin
Tube
Fig. 2. The frost distribution of a heat transfer unit
Ta;, Ta

Wa. G sens.fs Mg
in

Fig. 3. The heat and mass transfer processes of frosting

The frost model employs the external node method and the control body is
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divided along the frost thickness direction. The heights of the control bodies located

at the top and bottom of the frost layer are%dx, and the other control bodies are high
dx. The energy and mass equilibrium equations of the frost layer and the incoming
air are presented below.

The energy conservation equation for the frost layer can be expressed as:

d*T; (x)

k. (X
f() dXZ

= istpa (X) (Wf (X) — Wy (X)) dx (5)

C indicates the empirical value of the absorption coefficient of water vapor by the
frost layer, and it is expressed in 1/s. The value of C is mainly determined by the
structure of the frost layer, and very low values of C lead to unrealistically large
values of water vapor density, as C is on the order of 100 or higher [24]. In this work,
C is set at 500 to ensure that the calculation results of the frost model and
experimental measurement results are consistent.

The mass conservation equation for the frost layer can be expressed as:

d’w; (x)

Der 0. (00— 2

= Cp, (¥) (W, (X) =W, (X)) dx (6)
The sensible heat transfer between the incoming air and frost layer Q... can
be described as:
Qsens_a = Cp,a m, (Ta,in _Ta,out) = gens 55 Afs (7
The mass transfer of incoming air and frost layer M, can be expressed as:

Ma =m, (\Na,in _Wa.out) = mfsAfs (8)

The thermal conductivity of the frost layer k; is related only to the frost density,

which is calculated as [25]:
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K (X) =0.132+3.13x10"p, (X) +1.6x107 p, (X)* 9)

The effective water diffusion coefficient D, in the frost layer is calculated

according to the empirical formula proposed by Breque [26], and D, denotes the
standard water diffusion coefficient:

Dy [pi — Py (X)]

Def‘f (X) - P —058pf (X)

(10)

The third boundary condition is adopted for the heat and mass transfer between
the incoming air and the frost layer surface. The sensible heat flux ¢, and the
water mass flux m,, on the frost layer surface can be calculated as:

Osens 15 = Neg <1Ta _Tfs) (11)
My =Ny 24 (VTa _Wfs) (12)

The convective heat transfer coefficient h, is calculated by the empirical
formula with the j factor [27]. The j factor is used to calculate the convective heat
transfer coefficient of finned-tube heat exchangers with good accuracy and generality,

and j factor formula proposed by McQuiston is applied with an applicability range of

700<Re<5000:
_2
Nett = InPaVamaxCpa P (13)
Jy =0.991j,(2.24 Re 0092, ( %)70'031)0.607(N—4) (14)
-0.15
J, =0.0014+0.2618 Re %4 [M] (15)
ube
m.d
Re= A, o (16)

The mass transfer coefficient h, . is calculated by the Lewis equation:
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h 2
=L (17)

h =
pacp.a

m.eff

The second boundary condition is applied for the heat transfer between the frost
layer and the finned-tube evaporator, and the equivalent temperature of the finned-

tube evaporator surface T, can be calculated as [28] Eq. (18). The average
temperature of the incoming air T, takes its arithmetic average of the inlet and outlet

temperatures of the finned-tube evaporator.

T, - T_a B (Aube * i Pbin )(ra ~Tiube) (18)
Afin + Atube

The mass transfer is 0 on the contact surfaces between the frost layer and the

finned-tube evaporator:

dw,
D, p.—1 -0
eff pa dX o (19)

The capacity and velocity of incoming air in the finned-tube evaporator are
important boundary conditions for solving the frost model. The resistance of the
finned-tube evaporator increases because of the growth of the frost on its surface,
resulting in changes in the flow rate of the incoming air. The evaporator fan speed
also varies under different operating conditions. Therefore, it is necessary to derive
the flow rate of the incoming air in the finned-tube evaporator under various fan
speeds. The relationship between the full pressure P, and the speed of the fan N, is
Eqg. (20), and the evaporator fan similar law formula constant C; takes 0.1 [29].

p.=Cp.N/ (20)

The resistance factor f of the finned-tube evaporator is defined as [30]:
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fo_ “F
pava.maxL / d3 (21)

The resistance factor f can also be calculated by the following formula for flat
finned-tube evaporators:

-0.940
f =5504Re % (diJ (22)

3
The flow rate at the narrowest flow path V, .. can be derived by equating the
full fan pressure to the total pressure drop of the incoming air along the length of the

finned-tube evaporator:

0.608 4 0.333
s d,

~C, N r1.294 (23)

a.max 71 0.647. 0294
L™y

The water mass flux at the surface of the frost layer is composed of two parts,

and the part for increasing the frost density can be computed as:

dw,
mp = Deffpa d_Xf (24)

x=fs

Then the part condensing at the contact surface and thickening the frost layer
can be expressed as:

m; =M —Mm, (25)
The thickness of the frost layer at each time step can be formulated as:
m; (7) x At

o (t+AT)=0 (7
f( + ) f( )+ Pf(T)L(:fS

(26)

2.3 Numerical methods
The above boundary conditions were brought into the conservation equations
and the diffusion term discretization was in the central difference format. The grid

was divided into 100 due to the thin frost layer, and it was found that further
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increasing the grid number would not affect the calculation results after several tests.
The time step should be small enough to improve the accuracy of the quasi-steady-
state model, but cannot be too small due to the required computational speed for a
large number of computations. So, the time step was set to 5 s after several tests to
meet the above requirements. The frost thickness was updated at the end of each
time step. The initial conditions required for the frost model include the initial frost
thickness and frost density, which were taken as 0.01 mm and 25 kg/m? respectively.
The parameters to be input are external temperature and moisture content, tube-base
temperature of the finned-tube evaporator, evaporator fan speed, and solar irradiance.
The model was solved by Python and the physical parameters of air were obtained
from the REFPROP. The solution procedure of the frosting model coupled with the

TSAC model is shown in Fig. 4.



Input the geometric and physical parameters of
the evaporator and TSAC

J
Input initial conditions &¢0), £ #0)
Input boundary conditions Teny, Wain, Tre, Nr, | |: TSAC model
)|| Calculate Va max, Ma I i )ll Initialize T*cp, T*a, T*ho Of TSAC
|
| Initialize Ta*oy Wa*oy %ll Solve the TSAC model and obtain Tic, Tan, Tho
|
-T*, |<
H Initialize T*¢ of each node | : &IEFZb'TLC:bKET
I
Calculate o, D, ks, Wsg Of €ach node
ﬁ chatlbh | L I T*tcp:thpa T*=Taps T*ho=Tho
|
Solve the frost model and obtain T¢, Qsens s, Mis ] Calculate Tai,
.
E— T* =Ty
| Calculate Tagyt, Wagut
4' Ta*ou=Taow, Wa*ou=Waout
| Calculate 8,(v+At), o4(r+At)
Y
T=1+At | T<Toff
N
294 End
295 Fig. 4. The solution procedure of the coupled model
296 And the solution procedure can be expressed as follow:
297 (1) Use the initial frost layer thickness to calculate the flow rate of air in the

298  evaporator, and input the required boundary conditions into the TSAC model to

_— o e e e e e e e e e
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calculate the inlet temperature of the incoming air.

(2) Determine the average temperature and moisture content of the incoming air
and frost layer heat transfer by making reasonable assumptions about air temperature
and moisture content.

(3) Assume the frost layer temperature at each node to calculate the dry air
density, effective water vapor diffusion coefficient, frost layer thermal conductivity,
and moisture content of saturated wet air.

(4) Solve the node equations to obtain the new frost layer temperature of each
node, then return to the previous step to iterate, until the frost layer temperature
distribution and heat and mass transfer between the frost layer and the incoming air
are reasonable.

(5) Using the equilibrium equation for air, calculate the new incoming air outlet
temperature and moisture content, then return to step 2 for iterative calculations to
obtain reasonable incoming air outlet parameters.

(6) Update the frost thickness and density.

(7) Return to step 1 and enter the new frost thickness for the next time step,

repeating this process until the frost thickness reaches the upper limit.

3 Results and discussion
3.1 Model validation
The heat transfer model of TSAC has been verified in the previous study [23],

and the frost model of the finned-tube evaporator is validated by the experimental
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data of Zhang et al [6]. The frost thickness distribution was determined by taking
high-resolution camera shots of the frosted surface on the finned-tube evaporator
every 5 minutes and the measurement uncertainty was +2.53%. The geometric
parameters of the finned-tube evaporator and the experimental frosting conditions

are shown in Table 2.

Table 2. The geometric parameters of the evaporator and the experimental frosting conditions.

Geometric parameters of the evaporator Frosting conditions
Lengthxwidthxheight: 243x150x22 (mmxmmxmm) Frosting cycle: 3600s
Rib thickness: 2mm; tube outer diameter: 9.52mm Tube base temperature: -10 °C
Rib spacing: 0.2mm; tube spacing: 25mm Income air temperature: 2 °C
Number of ribs: 76; number of tube rows: 1 Income air moisture content: 3.74 g/kg

Fig. 5 illustrates the calculated and measured values of the frost thickness and
the incoming airflow with the frosting process. As the frost grew, the pressure drop
of the incoming air along the finned-tube evaporator increased, and the incoming air
flow rate was reduced from 150 m3h to 40 m%h at a constant fan speed in the
experiment. The calculated values of incoming airflow were slightly smaller than the
experimental test values with an average relative error of 9.9 % at a fan speed of 353
rpm. The measured frost thickness on the surface of the finned-tube evaporator is
divided into two types: the frost thickness on the windward side (front) and the
leeward side (back). The windward side frost was significantly thicker than the
leeward side in the early stage of frosting, while the two gradually converged later.
The average relative error between the experimentally measured frost thickness and

the model calculated value was 12.3 %. The error mainly occurred before 1200 s of
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frosting because of the large difference in frost thickness between the front and back
of the finned-tube evaporator, which was contrary to the assumption of uniform frost
distribution over the effective frosting area in the frosting model. At the later stage of
frosting, the distribution of frost thickness tended to be uniform, and the error
between the measured and calculated values gradually decreased. After 1200 s, the
relative error was only 8.9%. The frost layer was thin at the early stage of frosting,
and the average frost thickness measured at 1200 s was only 0.6 mm. The thermal
resistance of the frost layer is very small, which has less impact on the performance
of heat pump systems, so the accuracy of the model prediction is more important in
the late frost period. In summary, there is reasonable agreement between the
experimental test values and the model predictions of the frost thickness, indicating

that the frosting model developed in this paper is reliable.
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Fig. 5. Comparison of calculated and measured values of frost thickness

3.2 Frosting situation comparison at different moments

The key parameters affecting the frost condition of the ASHP include the
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environment temperature and moisture content, the tube base temperature of the
finned-tube evaporator, and the solar irradiance. In this section, the installed area of
the TSAC was 2 m? and the evaporator fan speed was fixed at 500 rpm. Since the
finned-tube gap of the evaporator was 1.17 mm, the frost thickness was limited to
0.58 mm. The standard values of each key parameter were: environment temperature
of 2 °C, ambient air moisture content of 3.4 g/kg, tube base temperature of - 10 °C
and solar irradiance of 300 W/m?.

Fig. 6 demonstrates the comparison of the frosting situation between the ASHP
with the TSAC (TSAHP) and the conventional ASHP at different moments. As
illustrated in Fig. 6 (a), the sensible and latent heat fluxes between the incoming air
and the frost surface decreased as frosting proceeded. This is due to two reasons, on
the one hand, larger thermal resistance leads to a higher temperature and saturated
air moisture content on the frost layer surface, and a lower flow rate makes smaller
average temperature and moisture content of the incoming air. As a result, the
temperature and moisture content difference between the incoming air and the frost
layer surface decreases. On the other hand, the reduced flow rate lessens the
convective heat and mass transfer coefficient between the incoming air and the frost
layer surface. The sensible heat flux was higher than the latent heat flux throughout
the frosting process, but the sensible heat flux declined more quickly. The difference
between sensible and latent heat fluxes for the TSAHP dropped from 168.2 W/m? to
124.2 W/m? from the beginning of frosting to 1800 s.

The total and sensible heat fluxes between the incoming air and the frost surface
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were higher for TSAHP than for ASHP, attributed to the greater temperature
difference between the frost surface and the air preheated by the TSAC before
entering the evaporator of the TSAHP. As shown in Figure 6 (c), the frost thickness
of ASHP increased at a smaller rate and the flow rate of incoming air decreased more
slowly as the frosting progressed, hence the sensible and latent heat fluxes decreased
more slowly. The total heat flux of TSAHP was 21.8 W/m? higher than that of ASHP
at the beginning of frosting, and 101.4 W/m? higher at the 1800 s of frosting.

As indicated in Fig. 6 (b), the trends of water vapor diffusion flux were similar
to those of heat flux, but with a minor difference between TSAHP and ASHP. Since
the surface temperature and the corresponding saturated moisture content of the
TSAHP frost layer are higher, the moisture content difference with the incoming air
is smaller. Thus, the water vapor diffusion flux used to increase the frost thickness of
TSAHP is less than that of ASHP at the early stage of frosting. At the same time, the
water vapor diffusion flux to increase the density was greater due to the larger
temperature gradient and larger saturated air moisture content gradient in the frost
layer of the TSAHP. In summary, the frost thickness of TSAHP was smaller due to
the lower water vapor diffusion flux for increasing the frost thickness and higher
water vapor diffusion flux for increasing the frost density. In this paper, the tube base
temperature was fixed to explore the effects of a single variable. In real system
operation, the evaporation temperature and tube base temperature of TSAHP are
higher than those of traditional ASHP, which further reduces the frosting of TSAHP.

The water vapor diffusion fluxes of both systems are primarily used to increase frost



398  thickness. For TSAHP, the water vapor diffusion flux for thickening frost layer was
399 2.5 times greater than that for increasing frost density throughout the frosting
400  process.

401 The difference in frost thickness for TSAHP and ASHP during the frosting
402  process is depicted in Fig. 6 (c). The frost thickness gradually rose in the frosting
403  process, but its development rate slowed due to the lower water vapor diffusion flux
404  Dbetween the incoming air and the frost layer surface. The growth rates of TSAHP
405  and ASHP frost thickness fell 36.7 % and 38.3 %, respectively, from the beginning
406  of frosting until the 1800s. The frost of TASHP grew slower than ASHP, and TSAHP

407  frost thickness dropped by 9.6% compared to ASHP at 1200 s.
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Fig. 6. The variation of (a) heat flux, (b) water vapor diffusion flux and (c) frost thickness

with frost duration

Figure 7 (a) shows the heat fluxes of TSAHP and ASHP at different locations
along the frost thickness direction. The heat transfer direction within the frost layer
is from the surface to the bottom. The heat flux at the frost layer's surface consists of
sensible and latent heat exchange. The sensible heat exchange is between the frost

layer's surface and the incoming air. The latent heat exchange from condensing water
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vapor raises the thickness of the frost layer. During the heat transfer process, the
water vapor that increased the frost density condensed and released latent heat of
vaporizing, which increased the heat flux. But the heat flux changed less across the
entire frost thickness because the condensation heat was minor. Furthermore, the
heat flux of TSAHP was greater than ASHP, indicating that the TSAHP evaporator
exchanges heat with the incoming air better and has superior system performance
throughout the frosting process.

Figure 7 (b) depicts the water vapor diffusion fluxes of TSAHP and ASHP at
various positions along the frost thickness direction. The water vapor diffusion flux
was the greatest on the frost surface, and the water vapor is continuously absorbed
by the frost layer as it spread from the frost surface to the bottom. The water vapor
diffusion flux gradually decreased and it was 0 kg/(m?-s) at the interface between the
frost layer and the finned-tube evaporator. Furthermore, as frosting progressed, the
frost layer density increased, and the water vapor diffusion flux and the amount of
water vapor entering the frost layer decreased, resulting in the smallest gradient of
water vapor diffusion flux at the 1800s. Similarly, the water vapor diffusion fluxes of
TSAHP and ASHP followed a similar decreasing trend, with TSAHP having slightly

higher values.
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Fig. 7. (a) Heat fluxes and (b) water vapor diffusion fluxes at various frost thicknesses

3.3 Frosting situation comparison at different operating conditions

In this section, when analyzing the influence of a parameter, the values of the
other parameters were set to be constant in accordance with the standard values. The
standard values for each key parameter were 2 °C environment temperature, 3.4 g/kg

ambient air moisture content, - 10 °C tube base temperature, and 300 W/m? solar
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irradiance.

Fig. 8 compares the frost thickness of TSAHP and ASHP at three moments
under different ambient temperatures. The temperature of incoming air rise along
with the ambient temperature, leading to the increase of the frost layer surface’s
temperature and its saturated moisture content. And then the water vapor diffusion
flux between the incoming air and the frost layer surface falls. Furthermore, as the
finned-tube evaporator’s equivalent temperature and frost layer temperature increase,
the diffusion coefficient between the frost and the wet air inside it rises, raising the
water vapor diffusion flux for increasing the frost density. Frost thickness decreases
due to the interaction of decreasing total water vapor diffusion flux and increasing
water vapor diffusion flux for enlarging frost density. As the ambient temperature
rose from -2 °C to 6 °C, the TSAHP frost thickness decreased by 0.11 mm, 0.17 mm,
and 0.22 mm at 600 s, 1200 s, and 1800 s, respectively. The frost thickness
decreased more at later frosting moments as higher ambient temperatures could
consistently restrain the growth of frost. Compared with the ASHP, the rate of frost
thickness reduction at different moments was slightly slower for TSAHP, as the
TSAC had a greater impact on the preheating of incoming air at lower ambient
temperatures. Above all, the benefit of TSAHP in postponing frost is greater with

lower ambient temperature and longer frost cycles.
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Fig. 8. The frost thickness of TSAHP and ASHP at different ambient temperatures

Fig. 9 compares the frost thicknesses of TSAHP and ASHP at three moments
with various incoming air moisture contents. As the moisture content of the
incoming air increased, the thickness of the frost layer increased linearly at all
frosting moments, and the frost thickness of TSAHP was thinner than that of ASHP.
The average frost thickness of TSAHP was 10.4% less than ASHP at all air moisture
content. At later stages of frosting, increasing the incoming air moisture content had
less impact on the growth of the frost thickness, as the frost thickness and the
saturated air moisture content corresponding to the frost surface temperature

increased, resulting in a decrease in the amount of incoming air and the water vapor
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Fig. 9. The frost thickness of TSAHP and ASHP with different incoming air moisture content

Fig. 10 compares the frost thicknesses of TSAHP and ASHP at three different
moments for various tube base temperatures of the finned-tube evaporator. With the
tube base temperature increased, the equivalent temperature of the finned-tube
evaporator was higher, the frost layer temperature went up. The higher frost surface
temperature led to the larger saturated air moisture content, as the water vapor
diffusion flux between the incoming air and the surface of the frost layer, and the
thickness of the frost layer decreased. When the tube base temperature was -14 °C,
the frost thickness of TSAHP increased by 0.24 mm from 600 s to 1800 s, but when
the tube base temperature was -6 °C, it only increased by 0.02mm. Both TSAHP and
ASHP experienced the same trend in frost thickness as the tube base temperature
rose. At 1800 s, the frost thickness decreased by 0.45 mm for TSAHP and 0.47 mm
for ASHP as the tube base temperature increased from -14 °Cto -6 ° C.

The frost thickness can be reduced by increasing both the tube base temperature

and the ambient temperature, but the tube base temperature had a greater effect. It
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was due to the tube base temperature having a greater impact on the equivalent
temperature of the finned-tube evaporator surface, which in turn had a greater impact
on the frost layer temperature distribution and saturated air moisture content of the
saturated air on the frost layer surface, as well as the water vapor diffusion flux
between the incoming air and frost layer surface. At the 1800s, the frost thickness of
TSAHP and ASHP decreased by 9.8% and 9.9% for every 1 °C increase in ambient
temperature, while decreased by 27.3% and 25.3% for every 1 °C increase in tube

base temperature.
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Fig. 10. The frost thickness of TSAHP and ASHP with different tube base temperature

Fig. 11 shows the comparison of the frost thickness of TSAHP and ASHP at
three moments with different solar irradiance. The maximum solar irradiance was set
at 500 W/m?, because frosting occurred typically in the early morning when the
ambient temperature was low and the moisture content was high. With the solar
irradiance increased from 100 W/m? to 500 W/m?, the frost thickness of TSAHP

decreased by 12.2 %. The solar irradiance did not affect the thickness of the ASHP
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frost layer. When the solar irradiance was 500 W/m?, the average frost thickness of

TSAHP at the three moments could be 15.1% less than that of ASHP.
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Fig. 11. The frost thickness of TSAHP and ASHP at different solar irradiance

Fig. 13 depicts the frost thickness and evaporator heat exchange capacity of
ASHP and TSAHP operating from 9:00 to 17:00 on a typical daily meteorological
parameter (Fig. 12) in Dalian, China. The frost thickness was set to zero when the
frost filled the finned-tube gap, symbolizing the defrosting of the system. And both
the frost thickness and heat exchange capacity varied periodically and the nodes of
abrupt changes corresponded to each other. The frost thickness growth rate of
TSAHP was significantly slower than that of ASHP, and TSAHP defrosted twice less
than ASHP during the eight-hour daytime period. This was due to increases in direct
solar irradiance and ambient temperature, both of which help the TSAC preheat the
incoming air and raise the evaporating temperature, then slowed the growth of frost
thickness.

When the frost thickness went up, the evaporator heat exchange of the ASHP
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decreased, and that of the TSAHP continued to grow. The thicker frost layer
enhanced the convective heat exchange thermal resistance of the evaporator surface,
causing the convective heat exchange between the incoming air and the finned-tube
evaporator to be weak. However, because TSAHP used TSAC to preheat the
incoming air, and the heat collection of TSAC became stronger as the direct solar
radiation increased, the temperature of the incoming air sweeping through the
evaporator rose. As a result, the temperature difference between the incoming air and
the evaporator surface was greater and the heat transfer was stronger, so the heat
exchange of the evaporator in TSAHP stayed growing as the frost thickened during a
frost process. During the eight hours of daylight, the total heat exchange of the

TSAHP evaporator was 36.6% greater than that of the ASHP.
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Fig. 12. The typical daily meteorological parameters in Dalian, China



542
543
544

545

546

547

548

549

550

551

552

553

554

555

556

557

2.0 2500

----- Q of ASHP

—— Q of TSAHP i S
—_ 15 d; of ASHP — 2000<
£ —— 5, 0f TSAHP 1 ¢
o 1500 8
2 &
S 1000
2 =
Q o
g &
Q -
E 500 8
had )

[ 1 I [ 1 I [ 1 I [ 1 I [ 1 O
10:00  12:00  14:00  16:00
time

Fig. 13. The frost thickness and evaporator heat transfer capacity of TSAHP and ASHP on a
typical day

4 Conclusions

In this paper, the triangular solar air collector (TSAC) is adopted for frost
restraint of air source heat pump (ASHP). The dynamic heat transfer model of the
TSAC and a quasi-steady-state frosting model of the ASHP were established and
coupled. The correlation equation between frost layer thickness and evaporator air
flow is derived to make the coupled model better applicable. The frosting
characteristics of the ASHP with the TSAC (TSAHP) and the conventional ASHP
were compared and analyzed. The main conclusions can be drawn as follows.

(1) The frost model considers the effect of frost thickness variation on incoming
air flow, and the average relative error between calculated and tested incoming air
flow is 9.9%. The relative error between the calculated and tested frost thickness is
8.9% after uniform frost distribution, indicating the reliability of the frosting model.

(2) The sensible heat flux of incoming air and frost surface is greater than the
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latent heat flux, and the water vapor diffusion flux of increasing frost thickness is
greater than that of increasing frost density, and the former is 2.5 times the latter for
TSAHP.

(3) The frost thickness decreases as the ambient temperature and tube base
temperature rise, and the influence of tube base temperature is greater. The frost
thickness of TSAHP is 15.1% less than ASHP when the solar irradiance is 500 W/m?.

(4) The TSAHP increases the heat flux by 36.6% and reduces half of the
defrosting times compared with the conventional ASHP under standard operating
conditions, indicating that the TSAC is effective in restraining the frosting of ASHP,

which helps ASHP operate efficiently.
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