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ABSTRACT: Frost accumulation on the evaporator fins of air source heat pumps (ASHPs) severely degrades heat
transfer performance and overall system efficiency. To address this, the present study employs computational fluid
dynamics (CFD) to investigate how fin spacing influences frosting behavior, emphasizing the coupled evolution of frost
thickness, density, airflow, and temperature distribution within fin channels. Results reveal that fin spacing is a key
parameter governing both the extent and rate of frost growth. Wider fin spacing enhances frost accumulation, with a
final frost mass of 6.41 g at 12 mm, about 71.8% higher than at 4 mm. In contrast, narrower spacing suppresses frost
formation by accelerating airflow. The frost layer exhibits a distinct two-stage growth pattern: at 12 mm spacing, the
early-stage average thickness growth rate reaches 0.021 mm/min, nearly 4.3 times that at 4 mm. Frost density follows
similar initial trends across different spacings but diverges later due to thermal resistance and airflow variations.
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1 Introduction

Air-source heat pumps (ASHPs) have been widely applied in building heating, domestic hot
water supply, and industrial waste heat recovery fields because of their environmentally friendly and
energy-efficient characteristics [1-3]. However, under cold and humid conditions, frost formation easily
occurs on the surface of ASHP evaporators, thus severely compromising the operational stability and
energy efficiency of the system [4,5]. Frost accumulation not only reduces the effective heat exchange area
of the evaporator and increases airflow resistance but also triggers the occurrence of frequent defrosting
cycles, resulting in higher energy consumption and system failure rates. Frosting on ASHP evaporators has
become one of the key bottlenecks restricting the performance of heat pump systems [6,7].

Previous studies have shown that various factors influence the frosting behavior of evaporators,
including the ambient temperature and humidity, the air velocity, and the material and structural parameters
of the fins. Methods to delay frosting on ASHP evaporators have been investigated extensively. Gu et al. [8]
proposed the construction of a superhydrophobic aluminum surface to actively inhibit frost adhesion,
thereby increasing the number of frosting cycles and increasing the operational continuity and efficiency
of the heat pump system. This approach achieves the suppression of frost formation by regulating
micro/nanostructures and surface energy to promote water droplet rolling. Ye et al. [9] experimentally
evaluated the effect of a modified hydrophobic membrane on frost adhesion in finned-tube heat exchangers.
The results demonstrated favorable anti-frost performance under natural condensation conditions, which
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is particularly suitable for intermittent defrosting processes. Wang et al. [10] developed a heater-assisted
defrosting system that allows for defrosting without completely interrupting the heating supply, significantly
enhancing thermal comfort for users. Jia et al. [11] validated the operating characteristics of a screw-type
heat pump system integrated with an air heat absorption defrosting unit, which exhibited high defrosting
efficiency and minimal disturbance to the main system. Ye et al. [12] reviewed anti-frost mechanisms in
microchannel heat exchangers and proposed noncontact defrosting methods such as vibration or acoustic
excitation, including ultrasonic-assisted defrosting technology, which enables efficient defrosting without
thermal input. Ma et al. [13] proposed the hot liquid subcooling method, which relies on the use of waste
heat from the condenser to defrost multiple outdoor units in parallel, reducing energy consumption while
maintaining continuous heating.

In terms of the structural design of ASHP evaporators, the fin spacing has gradually attracted research
attention as a key geometric parameter that influences airflow passage and the space available for frost
growth. Although a smaller fin spacing can increase the heat transfer area, it also promotes the formation
of frost bridges under humid air conditions, which obstruct airflow and rapidly block the heat exchanger
channels. Conversely, an excessively large fin spacing may reduce the heat transfer efficiency, leading to
reduced thermal performance of the system [14]. Therefore, an in-depth investigation into the mechanisms
by which fin spacing affects the frosting process is important for enhancing the frost resistance of ASHPs
and increasing the overall operational efficiency of the system.

In recent years, scholars worldwide have extensively researched the optimization of ASHP evaporator
fin structures. Zhang et al. [15] designed a novel anti-frost fin configuration and systematically investigated
the relationship between frost growth behavior and thermal resistance evolution under varying fin spacing
conditions. In their literature review, Ma et al. [16] reported that an evaporator with a fin spacing of 1.4 mm
could effectively extend the frosting cycle by 36% compared to that of one with a 2.8-mm spacing, thereby
increasing the defrosting energy efficiency. Yu et al. [17] experimentally verified the strong correlation
between the fin arrangement and the frost growth rate. Kropas et al. [18] employed dynamic image
acquisition technology to track the morphological evolution of frost formation, revealing the intrinsic
coupling between the fin spacing and the density of frost structures. In addition, Zhong et al. [19] and
Li et al. [20] reported that a proper combination of fin spacing and surface hydrophobic treatment can
effectively suppress frost adhesion and improve the frost resistance of heat pump systems.

Over the past decade, numerous researchers have conducted systematic experimental studies of the
relationship between the fin spacing and frosting behavior [21,22]. However, experimental approaches
are often limited by test conditions, high time and cost requirements, and image resolution constraints,
making it difficult to elucidate the initial formation mechanisms and dynamic evolution of frost under
different microstructural configurations. With the advancement of computational fluid dynamics (CFD)
technology, numerical simulation has become an effective tool for investigating frosting behavior in
evaporators, enabling visualization and quantitative analysis of microscale frost deposition, morphological
changes, and thermal resistance evolution [6,23]. Popovac et al. [24] developed a frosting model for
finned-tube evaporators using the finite volume method and revealed the coupled evolution of thermal
and moisture resistance features under different fin spacing configurations. Zhang et al. [25] employed
a three-dimensional CFD model to simulate frost migration and accumulation along fin surfaces and
demonstrated strong agreement between the simulation results and experimental data. In their review,
Lu et al. [26] reported that compared with experiments, numerical simulations offer superior precision
and flexibility, especially in coupling phase-change heat transfer, airflow disturbances, and multiphase
interfacial dynamics. In addition, recent studies have incorporated parameters such as surface wettability
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treatment, fin cavity structures, and fin material thermal conductivity into numerical models to achieve
higher-level structural optimization of frosting behavior [27].

While previous studies, such as that of Popovac et al. [24] and Zhang et al. [25], have aimed to
effectively model frosting thermal resistance and simulate frost migration along fins, most research has
focused on macroscopic performance parameters. However, systematic investigations that simultaneously
capture the coupled, dynamic evolution of aerodynamics, thermodynamics, and frost morphology under
the influence of a key geometric parameter, namely, the fin spacing, are lacking. As such, in this study, the
dynamic evolution of frost formation on the cold fin surfaces of evaporators with different fin spacings
is systematically investigated. The effects of fin spacing on the frost morphology, growth rate, and heat
transfer performance are analyzed to provide theoretical guidance and design references for the structural
optimization of ASHP evaporator fins and to promote their efficient and stable operation in complex
climatic regions.

2 Modeling and Validation

2.1 Geometric Model and Assumptions

The fins of the ASHP evaporator are arranged in parallel, thereby forming air channels (interfin gaps)
through which airflow occurs, facilitating heat exchange between the fins and the air, as depicted in Fig. 1.
This study focuses on the frost formation process on fin surfaces and the underlying mechanisms. The frost
formation process exhibits relatively uniform characteristics along the spanwise direction (perpendicular
to the airflow) but exhibits inhomogeneous features along the longitudinal direction (airflow direction).
Consequently, the spanwise variations can be neglected, allowing the study to concentrate primarily on
the frost development characteristics along the longitudinal direction. In this study, a two-dimensional
simplification is employed to reduce computational cost while capturing the essential physics along the
airflow direction. This approach is justified because the primary focus is on frost development along the fin
channel length, where the highest gradients (temperature, concentration, and frost thickness) occur. The
spanwise (perpendicular to airflow and the fin plane) variations in frost formation, such as edge effects, are
assumed to be secondary for the purpose of investigating the general influence of the fin spacing. This
simplification is common in foundational studies of finned heat exchanger frosting [21,28]. Although 3D
effects might quantitatively alter local distributions, we expect the qualitative trends and comparative
conclusions regarding the impact of fin spacing to be robustly captured by the 2D model.

In this study of fin frosting, the evaporator fin surfaces constitute the cold surfaces. An interfin airflow
channel of length 1 = 50 mm is selected in this work. To ensure that the inlet velocity was sufficiently
developed, a 5-mm extension was introduced upstream of the computational domain, as shown in Fig. 1.
This length was determined by conducting preliminary tests with different inlet extension lengths (5 and
10 mm), which revealed negligible differences in the velocity and pressure profiles at the entrance of the
fin channel. Similar inlet development treatments have been reported in previous studies [21]. In this
study, the temperature of the moist air was 285.15 K, the relative humidity was 83%, and the temperature of
the cold surface was 263.15 K. The fin spacing was adjusted from 4 to 12 mm. This range is wider than
that typically employed in commercial ASHP evaporators (usually 1.5-3 mm). This deliberate choice was
made to elucidate the fundamental physical mechanisms governing the frosting process. Larger spacings
reduce the rate of channel blockage, allowing for more detailed and prolonged observations of the coupled
evolution of the frost layer morphology and the aerodynamic-thermal fields, which is the primary focus of
this investigation. Although the absolute values of the performance metrics (such as time to blockage) are
spacing dependent, the underlying physics and qualitative trends revealed in this study are foundational
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and expected to be applicable to narrower, more practical fin spacings, where the same mechanisms would
manifest more rapidly and intensely.
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Figure 1: Schematic illustration of the calculation domain for the cold surface of the fin gap.

2.2 Governing Equations

Frost formation on cold surfaces entails a phase transition process involving flow, heat transfer, and
mass transfer. During the frost formation process on finned cold surfaces, water vapor in moist air condenses
into frost when it encounters cold surfaces, after which it transforms from a gaseous state to a solid state.
Within the computational domain, the following two phases exist: moist air and ice. The entire process can
be described using a gas-solid two-phase flow model, where moist air and ice are the primary and secondary
phases, respectively. The two-phase flow model includes equations for volume fraction conservation, mass
conservation, energy conservation, momentum conservation, and water vapor component transport [21,29].

(i) Volume fraction conservation:

aq; —
a—tl-l'V'((ZiU,'):Sai 1)

where « represents the volume fraction, denoting the proportion of the domain occupied by the ice phase;
v; is the velocity vector of the ice phase, m/s; and S,; is the source term for the ice phase volume fraction.

(i) Mass conservation of the ice phase:
d N
E(Qipi) +V- (aipivi) = Smi (2)

where q; represents the volume fraction of the ice phase; p; is the density of the ice phase, kg/m?; and Sy,
represents the mass source term of the ice phase, kg/m?.

(iii) Mass conservation of moist air:
a -
&(aapa) +V- (aapa v a) = Sma (3)

where a, represents the volume fraction of moist air; p, is the density of moist air, kg/m?; v, is the velocity
of the moist air, m/s; and Sy,, represents the mass source term of the moist air, kg/m>.

(iv) Momentum conservation of the ice phase:

d — - - — - 2
E(“iﬂi”i) +V- (aipivivi) =—aVp+V T+ aipig + Sui (4)

_ e
where 7; is the stress-strain tensor of the ice phase and S,; is the momentum source for the transfer of
moisture from the moist air phase to the ice phase, N.

(v) Momentum conservation of moist air:

d — - - — — -
E(aapava) +V- (aapavava> =—a,Vp+V Ty + aupag + Sva (5)
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where 7, is the stress-strain tensor of moist air and S,, is the momentum source for the transfer of moisture
from the ice phase to the moist air phase, N.

(vi) Energy conservation if the ice phase:
d -
E(aipihi) +V- (aipivihi> =V (ai(ki + kej)VT) + Shi + hgiAi(Tg — T) (6)

where Sy, is the energy source term resulting from the phase transition; k; is thermal conductivity of ice
phase; k; is the turbulent thermal conductivity; hy; is the interface heat transfer coefficient between the gas
phase and the ice phase, and hg; = hjg; A; is interfacial area density.

(vii) Energy conservation if moist air:

a —va

E(O‘gpghg) +V- (“gpg;ghg) = V- (ag(kg + kig)VTg) + Shg + higAi(T = Tg) =V - <h§a]g > ()

where Sy, is the energy source term resulting from the phase transition; k, is thermal conductivity of moist

air phase; k; is the turbulent thermal conductivity; A; is interfacial area density; hy” is the specific enthalpy
—va

of water vapor in the gas phase; ], is diffusion flux of water vapor in the gas phase.

(viii) Water vapor component transport:
d -
E(Qapa Yva) +V- (aapa v aYva) =-V- (PaDvaVYUa) + Spa (8)

where Y,, is the mass fraction of water vapor; D,, is the diffusion coeflicient of water vapor; and S,, is the
source phase of water vapor, kg/m?.

The interaction between the moist air and the ice phase, including momentum transfer, energy transfer,
and mass transfer between the two phases, is represented by source phases in the governing equations.
The mass source phases of moist air and ice phases are expressed in Eq. (9), and the mass source phase of
moist air is expressed in Eq. (10).

Smi = Mg — Mig (9)

Smi = Mg — Mg (10)

where r,; is the mass transfer rate from moist air to the ice phase and ri;, is the mass transfer rate from
the ice phase to moist air. In the calculation, the sublimation and melting of the ice phase are ignored; i.e.,
i, is assumed to be 0.

For the ice phase volume fraction conservation equation, the source phase is the ratio of the mass rate
increase of the ice phase to the density of the ice phase, as expressed in Eq. (11).

Sy = at (11)
Pi

The source term of the momentum equation for moist air and ice can be expressed as follows:
Svi:maiva+Kai<Ua_Ui) (12)
- . > — —

Svaz_maiva_Kai<va_vi> (13)

The energy equation sources for moist air and ice phases can be expressed as follows:
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Sha = _maihua - hia(Ti - Ta) (14)

Shi = mai(hva - lva) + hia(Ti - Ta) (15)

where [, is the latent heat of vaporization for water vapor condensation, kJ/kg; and h;, is the heat transfer
coeflicient between the moist air and the ice phase.

An analysis of the source terms in the governing equations reveals that the mass transfer rate m,;
from moist air to the ice phase is critical for frost formation modeling. The driving force for mass transfer
of water vapor deposition is the difference between the partial pressure of water vapor in moist air and the
saturated water vapor pressure at the cold surface temperature T, as expressed in Eq. (16). To simulate
both the growth of the frost layer and the increase in its density, a mass transfer criterion Bv, is introduced,
where v, denotes the magnitude of the moist air velocity, and B is a correction factor. Given that the moist
air velocity is significantly low both within the near-wall region and at the interface between the frost layer
and the moist air, Eq. (16) can effectively characterize both frost growth and densification.

. = Tuaapa((/’va - qDS(TC)) at gyq — qDS(TC) > Bu, (16)
@ 0 at ¢, — @s(T.) < By,

The dynamic coupling between frost growth and aerodynamic changes is inherently captured by the
model through the following mechanism: the mass transfer source term (Eq. (16)) captures the local frost
deposition rate, which can be used to update the volume fraction of the ice phase in each computational
cell at every time step. This update alters the local geometry of the flow domain by effectively reducing
the volume available for the air phase. The flow and pressure fields are then recomputed by solving the
momentum and continuity equations over this updated geometry in the subsequent time step. This process
creates the following fully coupled feedback loop: frost growth changes the geometry, altering the flow field,
which in turn affects the subsequent heat and mass transfer rates governing frost growth. This approach
self-consistently simulates the increasing pressure drop and evolving airflow distribution without the need
for external assumptions or prescriptions.

2.3 Meshing and Boundary Conditions

The computational domain relied on a velocity inlet boundary condition at the entrance and a pressure
outlet boundary condition at the exit. The cold surface boundary condition was defined as a constant wall
temperature. A structured rectangular mesh was applied to discretize the computational domain, with
mesh refinement implemented near the wall surfaces. The frost formation process on the cold surface
was simulated under identical operating conditions while varying the mesh scales dx and dy. A mesh
independence study was performed, and the results are shown in Fig. 2. When the dx scale was reduced
below 0.1 mm and the value of dy was below 0.05 mm (with a grid number of 4.8 x 10%), both the frost mass
accumulation and the average frost layer density did not significantly vary with further mesh refinement.
Consequently, dx = 0.1 mm and dy = 0.05 mm were adopted for the subsequent study.

2.4 Calculation Method and Validation

The numerical simulations in this study were performed using the ANSYS Fluent platform (Release 2021
R1). User-defined functions (UDFs) were developed to incorporate source terms into the governing equations
and model the interactions between moist air and the ice phase, including momentum exchange, energy
exchange, and mass exchange. The coupling of pressure and velocity was resolved via the Semi-Implicit
Method for Pressure Linked Equations (SIMPLE) algorithm. The QUICK scheme was employed to discretize
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the governing equations for the volume fraction, water vapor mass fraction, momentum, and energy.
Computational verification demonstrated that a time step of 0.1 s satisfies the requirement for time step
independence.
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Figure 2: Verification of grid independence.

On the basis of the numerical model established in this work, the experimental process described in
Ref. [21] was simulated. Validation was performed under matching conditions. The air temperature was
285.15 K, the relative humidity was 83%, the air velocity was 1.0 m/s, and the cold surface temperature was
263.15 K, with a fin spacing of 8 mm. The validity of the established model was confirmed by comparing the
experimental and simulation results. As shown in Fig. 3, the comparison between the computational and
experimental results indicates that the maximum deviation of the present model is less than 5%. Therefore,
the model can be used reliably for subsequent computational investigations.

B Experimental from reference [21] H

simulation from this paper

mass of the frost (g)

u T u T u T u
0 40 80 120 160 200
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Figure 3: Comparison between simulated and experimental data.

3 Results and Discussion

3.1 Variation in the Ice Phase Volume Fraction with Time

The typical evolution of the ice volume fraction over time for a fin spacing of 8 mm is shown in Fig. 4.
The frost formation process on the cold fin surface is manifested as a dual evolution process involving
the simultaneous growth of both the frost layer thickness and density. At the early stage, the cold surface
temperature is significantly lower than the freezing point of the condensate, leading to the rapid deposition
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of water vapor as ice crystals and a relatively high frost formation rate. During this phase, the increase in
the ice volume fraction primarily reflects a rapid increase in the frost layer thickness. The frost structure
is relatively loose and has a low density, indicating that the frost layer occurs in the initial growth phase
dominated by a dendritic structure.

30 min
Volume fraction
of'ice phase
0.1 60 min
0.09
0.08
| 0.07 90 min
= 0.06
= 0.05
) 0.04 120min
1 0.03
0.02
i 0.01 150 min
: min
———___.—_

Figure 4: Volume fraction distribution of the ice phase with time (d = 8 mm).

At the later stage, as time progresses, the frost layer gradually thickens. The increased thermal
resistance at the frost surface reduces the heat transfer rate. Consequently, water vapor partially condenses
within the interstices of the upper ice crystals before it reaches the cold surface, resulting in the formation
of a denser structure. In this stage, growth in the ice volume fraction stems mainly from an increase in
the ice density per unit volume, indicating that the ice crystals progressively fill the existing pores. The
frost structure becomes more compact, indicating the transition of the frost formation process into the
compaction growth phase.

From a spatial perspective, the frost layer thickness gradually increases along the airflow direction
and thickens from the leading edge of the fin toward the trailing edge. At the end of the flow channel, the
frost layer reaches its maximum thickness. This simulated nonuniform growth pattern, characterized by
thicker frost at the channel rear, is consistent with experimental observations reported in the literature. For
instance, Kropas et al. [18] employed dynamic image acquisition to directly visualize the frosting process
and confirmed the pronounced spatial heterogeneity of frost layer formation along the airflow direction.
This finding can be attributed to the combined effects of a lower airflow velocity, longer residence time, and
higher water vapor concentration in this region. Notably, the distribution of frost is highly sensitive to the
operating conditions. Although an increasing thickness trend is observed here, studies under colder and drier
conditions have reported a decreasing trend because of the rapid depletion of moisture upstream [30,31].
The prevailing trend is determined by the dominant mechanism: mass transfer limitation under cold-dry
conditions versus thermal and residence time effects under warm-humid conditions. Furthermore, the
distribution of the ice volume fraction is nonuniform across different areas of the cold surface, revealing a
significant modulating effect of the fin structure on local heat and mass transfer processes.
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In summary, frost formation between fins is not only governed by temporal factors but also governed
by the coupled effects of fin structural parameters and flow conditions. The frost formation process exhibits
distinct spatial heterogeneity and stage-specific characteristics.

3.2 Evolution of the Aerodynamic Fields

The contour plots in Fig. 5 illustrate the evolution of the air velocity within the fin structure over time.
A comparison of this figure with the distribution of the ice volume fraction clearly reveals that the growth
of the frost layer significantly affects the airflow characteristics.
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Figure 5: Velocity magnitude distribution with time (d = 8 mm, m/s).

At the early stage, the channels between fins are unobstructed. Airflow, which is governed primarily by
the fin structure and inlet conditions, is relatively uniformly distributed. However, the frost layer gradually
accumulates on the cold fin surfaces with the progression of frost formation, thereby substantially altering
the geometric characteristics of the channels. The growth of the frost layer progressively reduces the effective
flow cross-sectional area between fins. Local constriction of the flow channels occurs, leading to a significant
local increase in airflow velocity, particularly in regions with thicker frost layers. This phenomenon is
especially notable toward the rear end of the flow channel, where the air velocity is considerably higher than
that in the front region. This nonuniform velocity primarily stems from asymmetric channel constriction
caused by the progressive thickening of the frost layer along the airflow direction. This constriction induces
a contraction nozzle effect near the channel end, accelerating the flow.

Notably, a distinct feedback coupling exists between the airflow velocity and frost layer growth. Frost
growth constricts the channel space, increasing the local airflow velocity. In contrast, as the local velocity
increases, the enhanced kinetic energy results in a reduced residence time of moisture-laden air; this
reduced heat and mass transfer effect subsequently inhibits the further rapid growth of the frost layer.
This process highlights the bidirectional coupling between aerodynamics and ice phase-change behavior,
which represents a key physical mechanism driving the transition of frost formation from the rapid growth
phase to the slow compaction phase. Furthermore, in regions with high local velocity gradients, such as
the mid-to-rear sections of the fin channels, enhanced turbulence or the development of secondary vortex
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structures may occur. These flow features can influence ice crystal deposition patterns and the evolution of
the frost microstructure. Therefore, accurately characterizing the evolution of the flow field is crucial not
only for elucidating frost formation mechanisms but also for providing a theoretical foundation for frost
control strategies and the design of frost-resistant heat exchangers.

The pressure contours during the frost formation process are shown in Fig. 6. Notably, frost growth
significantly influences the pressure field distribution within the fin channels, primarily manifested as a
progressive increase in the pressure drop along the airflow direction. At the early stage, the channels between
fins exhibit a regular structure with low flow resistance. Consequently, the airflow exhibits a relatively
smooth pressure drop distribution along the channels. However, as the frost layer continuously grows and
gradually covers the fin surfaces, the channel geometry is altered. Particularly in regions experiencing
advanced frost formation later in the process, the local cross-sectional area drastically decreases, leading to
a sharp increase in flow resistance.

Pressure
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Figure 6: Pressure distribution with time (d = 8 mm, Pa).

Analysis of the contours indicates that a distinct zone of high-pressure gradient forms in the rear section
of the channel. This signifies that the airflow encounters significantly increased resistance as it passes
through the progressively constricting frost layer. This phenomenon corroborates the flow obstruction
effect induced by frost layer growth, namely, that the frost layer reduces the effective flow area, causing a
local increase in airflow velocity and consequent changes in dynamic pressure. In regions with thick frost
layers, the airflow is forced to increase, resulting in a pressure drop characteristic of a throttling effect.

Notably, a coupling relationship exists between the pressure distribution and the ice volume fraction.
The constriction of flow channels due to frost thickening directly increases the pressure drop. In contrast,
localized high-pressure zones may in turn modulate the phase-change conditions in the frost region by
influencing the local airflow temperature and velocity distribution. For instance, in regions with sharp
pressure drops, the airflow temperature might slightly increase, thereby inhibiting rapid frost growth in
that area and contributing to the spatial heterogeneity in the frost structure.

Overall, the pressure contours demonstrate the significant decrease in the aerodynamic performance
caused by frost accumulation. These findings indicate that frost formation not only affects heat transfer
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efficiency but also poses potential threats to system operational safety and stability. Therefore, conducting an
in-depth analysis of the dynamic evolution of pressure distribution holds significant engineering implications
for understanding frost layer development mechanisms, establishing multifield coupled prediction models,
and developing effective defrosting strategies.

3.3 Evolution of Temperature Fields

The temperature contours during the frost formation process are shown in Fig. 7. Notably, frost growth
significantly alters the distribution structure of the temperature field within the interfin channels. This
phenomenon is characterized primarily by a gradual expansion of the low-temperature region, with the
high-temperature zone concentrated near the channel inlet. Concurrently, the temperature progressively
decreases along the mid-to-rear sections of the channel, resulting in a pronounced increase in the temperature
gradient.

Air temperature
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Figure 7: Distribution of air temperature with time (d = 8 mm, K).

At the early frost formation stage, a significant thermal resistance layer will not yet be formed on
the fin surfaces. Consequently, the heat exchange efficiency between the air and fins is relatively high,
resulting in a relatively uniform temperature distribution on the cold surfaces. However, as the frost layer
gradually accumulates on the fin surfaces, its inherently low thermal conductivity increases the effective
thermal conduction path length between the actual heat exchange surface and the airflow. This leads to a
progressive decrease in the heat transfer efficiency. In the temperature contours, this process is manifested
as an expansion of the cold region and the development of localized lower-temperature zones. This effect is
particularly pronounced in the rear sections of the channels where the frost layer is thicker, leading to more
intensely localized low-temperature zones. Furthermore, the presence of the frost layer alters the spatial
distribution of the cold surface temperature, concentrating the temperature gradient more intensely near the
frost layer boundaries. This indicates an increase in heat flux concentration and a limitation on the transfer
intensity of local heat. Additionally, frost growth impedes the remixing of air near the wall, increasing the
boundary layer thickness and further suppressing the turbulence-enhanced heat transfer effect.
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Notably, a coupling relationship exists between the airflow velocity and the temperature field. In
regions with higher airflow velocities, the relatively larger heat transfer coefficient results in slightly higher
local temperatures. Conversely, in regions with reduced flow velocity or flow recirculation, heat transfer is
impeded, leading to significantly lower temperatures. This flow—-thermal coupling effect further influences
the local frost growth rate and density distribution.

In summary, the evolution of the temperature field reflects not only the increasing thermal resistance
during frost formation but also the long-term degradation trend of the effect of the frost layer structure on
the thermal management performance of the fin. In practical applications, understanding the variation
patterns of the temperature field is critical for predicting frost development trends, optimizing the
frost-resistant structural design of heat exchangers, and establishing coupled thermal-flow-phase-change
multiphysics models.

3.4 Analysis of Frosting Characteristics Based on Evaluation Indicators

Frost mass, defined as the mass of frost accumulated on the cold fin surface at a specific time, serves as
the most direct indicator for evaluating frost characteristics on finned cold surfaces. The temporal evolution
of the frost mass over 0 to 180 min for different fin spacings (4, 6, 8, 10, and 12 mm) is shown in Fig. 8,
whereas the corresponding curves of the frost mass growth rate versus time are shown in Fig. 9.

From 0 to 80 min, all fin spacings yielded rapid mass accumulation. Fins with larger spacings had
steeper initial slopes in their frost mass curves, indicating higher initial frost deposition rates. Concurrently,
the frost mass growth rate also continued to increase, signifying an acceleration in the rate of mass
accumulation. From 80 to 120 min, the curves for all fin spacings approached an approximately linear trend,
albeit with reduced slopes. This corresponds to a decrease in the frost mass growth rate, indicating that the
speed of frost mass accumulation slowed, indicating the transition of the frost formation process into a
stabilizing phase. During this stage, fins with larger spacings still maintained a higher level of accumulated
frost mass. From 120 to 180 min, the frost mass continued to increase for all fin spacings, but the frost
mass growth rate further decreased, leading to a deceleration in frost mass accumulation. Ultimately, a
clear fin spacing dependence emerged: the final frost mass achieved on fins with larger spacings was
significantly greater than that on fins with smaller spacings. A larger fin spacing promotes frost deposition,
with the final frost mass of 12 mm spacing being approximately 71.8% greater than that at 4 mm spacing.
These findings demonstrate that the fin spacing plays a critical role in driving the overall accumulation of
frost mass. The analysis combined with velocity contours suggests that this phenomenon is likely related
to the airflow velocity of moist air within the spacing and the total mass flow rate of moist air passing
through the channel. The simulation results confirm the conclusion drawn by Zhang et al. [25] that frost
accumulation (mass) increases with increasing fin spacing. Our study further elucidates the underlying
mechanism: larger spacings accommodate a lower average airflow velocity and a higher total mass flow
rate of moist air through the channel, providing more water vapor for deposition over a longer period
before airflow suppression becomes dominant. This mechanistic explanation reinforces and increases the
existing empirical understanding.

Frost thickness, which represents the volume occupied by the frost layer within the fin gap, is a crucial
parameter for evaluating frost characteristics on cold fin surfaces. The variations in the average frost
thickness over 0~180 min for different fin spacings are shown in Fig. 10. The corresponding curves of the
rate of increase in the frost thickness versus time, reflecting the increase in the speed of the frost layer
height, are shown in Fig. 11. Quantitative calculations reveal that the increase in the frost layer thickness
encompasses a distinct two-stage pattern, with the initial average rate (0~80 min) at 12 mm spacing reaching
0.021 mm/min, nearly 4.3 times that at 4 mm.
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Figure 8: Variation curves of the frost mass with time for different fin spacings.
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Figure 9: Curves showing changes in the frost layer mass growth rate over time.

From 1 to 10 min, the frost layer thickness was initially small and did not significantly affect the airflow
velocity within the fin gap, which remained relatively low. Consequently, rapid frost growth occurred
across all fin spacings. As shown in the figures, the initial frost thickness growth rate increased with
increasing fin spacing.

From 10 to 80 min, the frost layer reached a significant height, and the airflow within the fin gap began
to influence frost growth. A comparison of the frost growth curves revealed that the impact of airflow on
frost development increased as the fin spacing decreased. The frost thickness growth rate curves indicate a
continuous decrease in growth speed during this stage. Notably, a reduction in the growth rate was more
significant for larger fin spacings.

From 80 to 180 min, frost growth decelerated greatly for large fin spacings and even approached
stagnation, whereas frost growth proceeded slowly for smaller fin spacings. During this phase, the frost
thickness growth rate reached a minimum value or even approached zero, indicating significantly slowed
growth.

An analysis of the velocity contours suggests that the increase in frost thickness alters the airflow
characteristics within the fin gap. This altered flow state, in turn, exerts a feedback effect on the frost
growth process. Furthermore, this interaction increases with decreasing fin spacing.



2940 Fluid Dyn Mater Process. 2025;21(12)

24

—— 4 mm —— 10 mm
2.04 6mm —— 12 mm
—+— 8 mm

Average height of frost (mm)

0.0 1 . . . .
0 40 80 120 160 200

Time (min)

Figure 10: Curves showing changes in the average frost layer thickness over time.
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Figure 11: Curves showing changes in the frost layer height growth rate over time.

The temporal evolution of the average frost layer density for different fin spacings is shown in Fig. 12.
Notably, the overall trend of frost density growth over time remains largely consistent across all fin spacings.
At the early frosting stage, the growth rates of the average frost density are almost indistinguishable,
indicating that the fin spacing negligibly influences the early densification of the frost layer. This can be
attributed to the fact that, at the beginning of the frosting process, the fins are mostly free of frost, and the
heat and mass transfer mechanisms are not yet significantly affected by the geometrical configuration.

As the frost layer continues to develop, minor variations in density increase. However, these differences
remain relatively small throughout the simulation period. Even at the later stages of frosting, the divergence
among the curves is limited, suggesting that the fin spacing has only a modest influence on the average
density of the frost layer. These results suggest that although fin spacing affects the overall amount and
distribution of frost, especially with respect to blockage and thermal resistance, it does not significantly
alter the compactness or structure of the deposited frost, as reflected by the average density.

In summary, while the fin spacing may influence the total frost accumulation and airflow blockage
within the fin array, its effect on the temporal evolution of the frost layer density is relatively minor.
The frost layer develops with similar compactness across different fin spacings, indicating that density is
governed primarily by local thermodynamic conditions rather than fin geometry.
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Figure 12: Changes in the average density of the frost layer over time.
4 Conclusion

Frost formation on the cold surfaces of ASHP evaporator fins is a critical factor affecting system
performance. To investigate the mechanism of the influence exerted by fin spacing on the frosting
characteristics of cold surfaces, a numerical model of the frosting process was developed and validated.
In this study, the influence of fin spacing on the frosting characteristics of ASHP evaporator fins was
analyzed systematically through numerical simulation. The results revealed that the frosting process
involves a coupled evolution of frost thickness and density, which is significantly affected by the airflow and
temperature field distributions within the fin channels. The fin spacing plays a critical role in determining
the rate and extent of frost accumulation. At a spacing of 12 mm, the final frost mass was approximately
71.8% greater than that at a spacing of 4 mm, indicating that greater spacing promotes greater frost
accumulation. In contrast, a smaller spacing enhances airflow-induced suppression of frost height growth,
with the maximum frost thickness at a spacing of 4 mm being reduced by approximately 1.2 mm compared
with that in the 12 mm case. The frost growth rate exhibited a two-stage pattern, with the initial average
rate at 12 mm spacing reaching 0.021 mm/min, approximately 4.3 times that at 4 mm spacing, before slowing
because of increasing flow resistance and thermal insulation effects. Additionally, although the initial
trends in the frost density are similar, notable divergence occurs at the later stages, with a clear dependence
on the fin spacing. These findings provide theoretical insight for optimizing the fin geometry to mitigate
frosting and enhance the heat pump performance under frost-prone conditions. The proposed model and
conclusions are applicable to parallel-fin evaporators operating under typical cold and humid conditions
(air temperature 260-285 K; relative humidity 80%—-90%). The results reveal mainly general trends in frost
evolution with fin spacing; however, further investigation is needed for complex geometries such as wavy
fins or multirow exchangers.
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Nomenclature

Roman Symbols

B Correction factor for mass transfer

Dy, Hydraulic diameter, m

D, Diffusion coefficient of water vapor, m?/s

h Specific enthalpy, kJ/kg

l Length of the fin channel, m

T Mass transfer rate from moist air to ice phase, kg/(m? s)

g Mass transfer rate from ice to moist air phase, kg/(m? s)

P Pressure, Pa

Re Reynolds number

S Source term

T Temperature, K

Y. Mass fraction of water vapor in moist air

Greek Symbols

a Volume fraction

p Density, kg/m?®

T Stress-strain tensor, Pa

Subscripts

a Moist air

ai From moist air to ice

ia From ice to moist air

Abbreviations

ASHP Air-Source Heat Pump

CFD Computational Fluid Dynamics

UDF User-Defined Function
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