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ABSTRACT

Frost formation and growth on the evaporator surface is a common process that deteriorates the air-refrigerant heat
transfer and restricts airflow. This degrades the performance of the vapor compression system by increasing
temperature lift and air-side pressure drop. To accurately predict these effects during coil frosting, as well as the energy
use and duration of the defrost process, there is a need to estimate the heat and mass transfer, momentum transport,
and solid-liquid and liquid-vapor phase change. Therefore, in the past few decades, continuous effort has been made
to model frosting and defrosting processes using approaches ranging from empirical correlations to computational
fluid dynamic models. To provide a clearer overview for researchers, engineers, and manufacturers in this field, this
paper provides a comprehensive literature review for frosting and defrosting models. The paper begins with theoretical
background of frost formation and defrost processes, and then reviews the common modeling approaches in literature
and their underlying assumptions when trying to account for various physical phenomenon. Based on the literature
review, the most critical modeling effort for frost formation is the determination of frost densification rate and frost
growth rate. Various methods to predict these two parameters are reviewed. Empirical correlations commonly used
for frost density and thermal conductivity are presented and compared. For the defrost process, various multi-stage
models have been proposed with different assumptions. Some assume the presence of air gap between the tube wall
and the frost, while others consider the melted frost flow due to gravity. We also review physics-based and empirical
approaches to integrate defrost models into heat pump models. We conclude by identifying research gaps and
providing recommendations.

1. INTRODUCTION

Frosting-defrosting cycles cause up to 13% seasonal heating coefficient of performance (COP) degradation for air-
source heat pumps (ASHP) (Vocale et al., 2014). When an ASHP operates in heating mode, the outdoor coils work as
an evaporator. The heat transfer from the ambient air to the refrigerant causes frost formation when the outdoor coil
temperature is below the freezing point during winter operations. As frost accumulates on the coils, the additional
thermal resistance and the reduced airflow passage degrades the performance of the heat pump, which requires the
heat pump to work in defrost mode to remove the frost on the outdoor coils. The most common defrost method for
ASHPs is reverse cycle defrost (RCD), which reverses the refrigerant direction in the heat pump and discharges the
hot-gas refrigerant to the outdoor coil. The heat transfer from the refrigerant melts the frost.

Frost formation on heat exchangers can be detrimental to heat exchanger performance. After a continuous layer of
frost is formed on the heat exchanger, the frost layer will serve as an extra insulation layer between the heat exchanger
surface and the air due to its porous nature. It will increase the thermal resistance of the heat exchanger and reduce
the heat transfer rate. In addition, if the frost on the heat exchanger is not removed in a timely manner, the excessive
amount of frost can block airflow passage, which will either reduce the airflow rate and decrease the heat transfer rate
or increase the fan power. Eventually, the heat exchanger performance degradation leads to a decrease in the heating
COP and the heating capacity of the heat pump. Therefore, it is crucial to develop techniques to control frost formation
or remove frost (defrost) in a timely and efficient manner from the heat exchanger surface.

Modeling frost formation and defrost processes plays an important role in developing techniques to control and remove
frost. Understanding the frost formation process and frost characteristics can help manufacturers design heat
exchangers that can slow frost growth and minimize the impact on heat exchanger performance. Frost characteristics
are important in designing innovative ways to remove frost, such as ultrasonic vibration (Tan et al., 2019) and shape
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morphing fins (Thakkar et al., 2023). For conventional RCD, the ability to predict the defrosting process is a key to
developing an energy-efficient defrosting cycle control strategy.

Previous literature reviews focused on frost formation. Iragorry et al. (2004) reviewed properties and models for frost
formation. Empirical correlations for frost thermal conductivity, frost average density, and air-frost heat transfer
coefficient were collected from the available literature. Comparisons for these correlations were plotted. In addition,
mathematical models for frost growth were also collected. However, the models were not categorized in terms of the
modeling methods. This study was also limited by publication date. Léoni et al. (2016) conducted a more in-depth
review of empirical correlations and mathematical models for frost formation on flat surfaces. Four existing models
or correlations for frost thickness on a single horizontal plate were compared with existing experimental results. Five
empirical correlations for frost density were compared with experimental results as well. Song and Dang (2018)
updated the database from Iragorry et al. (2004) for empirical correlations and mathematical models with newer
literature published between 2004 and 2018. A review of measurement techniques for frost density and thickness was
also included. Another recent publication reviewed frosting, defrosting, and frost management techniques (Badri et
al., 2021). The authors developed a list of experimental studies and theoretical and numerical models for the frost
formation process, but without in-depth analysis. This study also contained a review of defrosting techniques, but it
did not review the modeling for the defrosting process, and mainly focused on industrial freezer applications. Li and
Wang (2021) reviewed mathematical models and computational fluid dynamics (CFD) models that can predict frost
formation on a plat plate. The influence of the assumption on absorption rate and supersaturated surface conditions on
mathematical models was discussed. However, a review for the defrost process was not included.

Until now, limited reviews existed on a systematic and in-depth summary of empirical correlations and first-principle
models for both frosting and defrosting processes. A review of defrosting process models is missing from previous
literature. The purpose of this article is not to provide an exhaustive list of previous studies on the models, but to
provide an in-depth, systematic, categorized, and easy-to-follow review of models for the frosting and defrosting
processes. This review will help researchers, manufacturers, and engineers to obtain an overview of the models, and
determine which model is suitable for their applications. Therefore, this paper focuses on empirical correlations and
first-principle models that can predict frost characteristics and frost growth, as well as predictive models for multi-
stage defrosting processes.

2. FROST MODELING

2.1 Frost Formation Process

Understanding the physical phenomenon of frost formation is the first step in building numerical models for frost
formation. In general, frost formation is categorized into three stages, although researchers use different terminologies
to describe the three stages. Here, we use the terminology formulated by Tao et al. (1993). Figure 1 shows the process
of frost formation on a flat plate under natural convection (Tao et al., 1993). The temperature of the surrounding
airflow can be above or below the freezing point. The first stage in the frost formation process is called the dropwise
condensation (DWC) period. During this stage, condensing droplets form on the cold flat surface and begin to merge.
The droplet diameter increases significantly. With vapor-liquid and liquid-solid phase changes happening at the same
time, the droplets merge and solidify. After critical time t., these droplets turn into ice particles completely. The
critical time t, is related to ambient conditions, such as temperature, natural/forced convection, etc. After critical time
t. is reached, the solidification and tip-growth period (STG) begins. During this stage, non-uniform frost tips grow on
the solid ice droplets. The final stage starts at the transitional time ¢, which is the densification and bulk growth period
(DBGQG). During this stage, the frost is homogeneous for each cross-section perpendicular to the frost growth direction
and possesses the characteristics of a porous medium. The structure and characteristics of the frost depend on ambient
conditions and the physical and thermodynamic properties of the medium where the frost builds up.
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Figure 1: Definition of frost growth periods (Tao et al., 1993)

The physics behind frost formation is complicated and spans multiple scales, especially for DWC and STG. However,
these two stages last a very short period compared to DBG. Therefore, engineers usually focus on the third stage
(DBG) and rely on macroscopic physical quantities to characterize the frost layer. Quantities such as frost layer
thickness and density can be used to quantify the mass of the frost accumulated on the heat exchangers, which can be
used to evaluate the impact on the heat exchanger performance. They can be good indicators to determine the intervals
for defrost cycle initiation and can be used to optimize defrost control strategies. The frost layer density and thickness
also serve as the initial conditions for defrost process modeling. Wrong frost layer properties lead to inaccurate defrost
power usage and defrost cycle duration. Therefore, it is important to develop a model that can predict the frost layer
thickness and density as a function of time on the heat exchanger surfaces.

For the DBG stage, the frost characteristics include (a) frost layer thickness and growth rate, (b) frost layer density
and densification rate, (c) frost thermal conductivity, and frost morphology (porosity and tortuosity), and (d) the air-
frost heat and mass transfer coefficient (Song & Dang, 2018). The capabilities to predict these frost characteristics
and how they impact the heat exchanger performance are usually of interest for HVAC&R engineers and researchers.
Frost growth rates and densification rates dictate the frost accumulation process. Therefore, determination of frost
densification and growth rates is essential to modeling frost formation (Qiao et al., 2017). Frost density and thermal
conductivity are two important characteristics in determining the frost densification and growth rates (Hermes, 2012;
Y. B. Lee & Ro, 2005). Other important frost characteristics on heat exchangers include the air-side pressure drop and
fin efficiency degradation.

2.2 Frosting Model on Simple Geometry

The first-principles models for the frost formation process can be divided into two categories, lumped model or 1D
model based on the dimension of the model. Early research on frost formation focused on lumped models, where the
frost layer is considered a uniform medium. No temperature profile or local water vapor density profile is considered
within the frost layer. White and Cremer (1981) developed a lumped model for the frosting process. In the model, the
total water vapor mass flow rate from the air stream 11, to the frost is divided into two parts. One contributes to frost
densification 1, and the other contributes to frost thickness growth 7i5. Through observation from experiments, the
authors assumed that the densification mass flow rate is half of the total water vapor mass flow rate. Through energy
and mass balance, the frost density and thickness can be predicted. Padhmanabhan et al. (2011) also divided the total
mass flow rate m,, into m, and ms. The densification mass flow rate i, is modeled by assuming the water vapor
within the frost layer is saturated. It can be associated with the frost surface temperature using the Clausius-Clapeyron
equation. The lumped model created by Fossa and Tanda (2002) did not divide the total mass flow rate into two parts.
The frost density and thickness are calculated by correlations and energy and mass balance. It can be concluded that
the lumped models rely heavily on empirical correlations or values.

With the progress in understanding the physics behind the frost formation process, 1D semi-empirical models were
developed. The frost thermal conductivity is still considered an averaged property for the frost layer, but temperature
and local vapor density variation are considered. The common assumptions for 1D semi-empirical models are:

e  The frost layer energy storage is neglected (K.-S. Lee et al., 1997; Qiao et al., 2017).
e  One-dimensional heat and mass transport process (frost properties vary in the direction of frost growth)
(K.-S. Lee et al., 1997; Qiao et al., 2017).
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e The frost layer is characterized by average properties (thermal conductivity) (K.-S. Lee et al., 1997; Qiao et

al., 2017).

e  Frost thermal conductivity is only dependent upon the average frost density (K.-S. Lee et al., 1997; Qiao et
al., 2017).

e Convection and radiation heat transfer within the frost layer is negligible (K.-S. Lee et al., 1997; Qiao et al.,
2017).

e Simultaneous heat and mass transfer follows the Lewis analogy (K.-S. Lee et al., 1997; Qiao et al., 2017).

e Ideal gas law is applied for water vapor (K.-S. Lee et al., 1997; Qiao et al., 2017).

o The frost thickness is the same for the tube and fin in each segment, or the frost thickness is the same along
the airflow direction (K.-S. Lee et al., 1997; Qiao et al., 2017).

e  Fick’s law for water vapor diffusion (K.-S. Lee et al., 1997; Qiao et al., 2017).

During the frost formation process, both frost layer density and frost layer thickness increase. The mass flow rate
contribution to the frost density increase is related to the water vapor absorption rate within the frost layer. 1D semi-
empirical models can be classified by the assumptions on the water vapor absorption rate. Some literature assumed
that the local water vapor absorption rate in the frost layer is proportional to the local water vapor density (El Cheikh
& Jacobi, 2014; Hermes, 2012; K.-S. Lee et al., 1997; Qiao et al., 2017). With correct boundary conditions on the
frost surface and the wall, the local water vapor density and temperature profile can be calculated analytically (Hermes,
2012; K.-S. Lee et al., 1997, p. 19; Qiao et al., 2017) or numerically (El Cheikh & Jacobi, 2014). Another way to
model water vapor absorption rate is assuming water vapor is saturated in the frost layer (Jones & Parker, 1975; Le
Gall et al., 1997; Y. B. Lee & Ro, 2005). Clausius-Clapeyron is applied to convert the derivative of local water vapor
density to the derivative of the local temperature. Then the temperature profile can be calculated using the energy
balance equation. The frost densification mass flow rate is obtained using the temperature profile.

The lumped and 1D mathematical models focus only on the heat and mass transfer process in the frost layer. The air
side is often considered uniform and serves as the boundary conditions. Computational fluid dynamics (CFD) models,
on the other hand, mainly calculate the airflow distribution on the geometry, and its effect on the frost distribution on
complex geometry. Therefore, CFD models are usually 2D or 3D so that they can calculate the distribution of the frost
along the airflow direction (Kim et al., 2015). In contrast, lumped and 1D mathematical models assume that the frost
thickness is uniform everywhere.

The CFD models can be classified into two categories, single-domain approach and two-domain approach. The two-
domain approach is based on the Eulerian multiphase model. The primary phase is humid air, and the secondary phase
is ice. Governing equations are solved in each phase. Interface matching conditions are used to balance the heat and
the mass transfer between the two phases. Examples using the two-domain approach are K.-S. Lee et al. (2003) and
Lenic et al. (2009). The single-domain approach only solves the governing equations in the humid air domain. The
frost formation process is calculated as extra source terms and sink terms. The advantage of the single-domain
approach is that it does not require the equations for the interface between the two phases, and it can also save
computational time. Examples of the single-domain approach are Kim et al. (2015) and Wu et al. (2017). Though the
CFD models can reveal more physics phenomena than the semi-empirical models, they are limited by the
computational cost. Changing the geometry of the heat exchanger also requires time to regenerate the mesh. These
drawbacks make it unsuitable for integrating with heat pump system models.

2.3 Additional Model Details

Due to the complexity of frost characteristics, it is necessary to apply empirical correlations in first-principle models.
The most common empirical correlation used in the first-principle models is for frost thermal conductivity. The frost
thermal conductivity is affected by the frost density, structure of the frost layer, internal diffusion of the water vapor
caused by temperature distribution in a frost layer, and eddy generated by the roughness of the frost surface (Hayashi
et al., 1977). However, for the sake of simplicity, the widely adopted frost thermal conductivity is correlated with the
frost density. Yonko & Sepsy (1967) developed an empirical correlation for the frost thermal conductivity as a function
of the frost density, as shown in Equation (1).

kp = 0.02422 +7.214 - 10~* - p; + 1.1797 - 1076 - p? (1)
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Similarly, K. S. Lee et al. (1994) also correlated the frost thermal conductivity with the frost density.
ks =0.132+3.13 x 10_4pf + 16X 10_7p% 2)

Another correlation for the frost thermal conductivity as a function of density is shown in Equation (3), developed by
O’Neal & Tree (1984).

ke =1.202 x 1073pp%%3 3)

where kj is the frost thermal conductivity in W/m-K, and p; is the frost density in kg/m® for all these correlations. A
comparison of these correlations is shown in Figure 2.

09— 777
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Figure 2: Comparison of thermal conductivity correlations
The empirical correlations for the frost density can simplify the modeling for frost formation even further. The most

commonly used correlation for the frost density is a function of the frost surface temperature, as shown in Equation
(4) (Hayashi et al., 1977).

pr =650 - exp (0.277 - Tyy) 4)

where p is the frost density in kg/m’, and Ty, is the frost surface temperature in °C. Later, Hermes et al. (2009)
improved the correlation to Equation (5). It was also used in Hermes (2012).

pr = 207.3 exp (0.266T;; + 0.0615T,,,) (5)

where py is the frost density in kg/m’, Ty, is the frost surface temperature in °C, and T,,, is the wall temperature in °C.
Then the correlation for the density was further improved to be a function of frost surface temperature and air stream
dewpoint temperature (da Silva et al., 2011).

pr =494 exp (0.11 Tys — 0.06T 4,y ) (6)
where py is the frost density in kg/m?, Ty, is the frost surface temperature in °C, and Ty, is the air stream dewpoint
temperature in °C. In another journal article from the same author, the empirical correlation for density was changed

to Equation (7) (Knabben et al., 2011).

py = 492.95 exp (0.053 T,, — 0.053T4,) (7)
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where py is the frost density in kg/m’, T,, is the wall temperature in °C, and Ty, is the air stream dewpoint

temperature in °C. This reveals the shortcoming of using empirical correlations for frost density. If the experimental
conditions change, the correlation also must change to get accurate predictions.

Frost thickness is often calculated using first-principle models. Only early studies correlate the frost thickness to the
frost surface temperature, wall temperature, and time, as shown in Equation (8) (Cremers & Mehra, 1982). The frost
surface temperature, wall temperature, and time are all measured from experiments. According to the authors’
measurements, the frost surface temperature is constant as the frost grows. The frost surface temperature is close to
the triple point in high humidity cases, and is lower than the triple point in low humidity cases.

8 = 0.12[¢(Tys — T, )] ®)

where t is the time in minutes, T is the frost surface temperature in K, T,,, is the wall temperature in K, and &5 is the
frost thickness in mm.

The impact of frost formation on heat transfer rate of the heat exchanger is mainly due to the thermal resistance of the
porous frost layer, which is calculated through the frost formation model. Because the frost layer does not change the
heat exchanger geometry, the fin efficiency of the heat exchanger remains the same. However, the frost layer changes
the flow resistance of each tube segment in the heat exchanger, causing airflow redistribution on the heat exchanger.
The airflow redistribution calculation should be synchronized with frosting model by assuming that the airflow is at
steady state for each time step of the frosting model. The air mass flow rate change can be calculated by setting the
pressure drop for each tube segment the same as the pressure increase on the fan. It can be calculated using an iteration
approach (Padhmanabhan et al., 2011) or an iteration-free approach (Qiao et al., 2017).

2.4 Discussion

In essence, the frost growth processes were investigated and divided into stages in previous studies. Since
the first two stages are fast and difficult to model, early semi-empirical models ignored the first two stages
and only picked the initial frost thickness and density for modeling Stage 3. Newer CFD models still treated
the frost layer as a porous medium but calculated frost thickness, density, and thermal conductivity through
all three stages. In addition, semi-empirical models used correlations for frost properties. While the early-
stage models used more correlations, the most commonly used semi-empirical model nowadays only used
the correlation for frost thermal conductivity as a function of density. Newer CFD models did not require
the use of empirical correlations. CFD models can also account for the geometry difference in modeling
frost formation on heat exchangers, but they are also limited by complexity in implementation and
computation time. In general, the models match well with the experiments. They should be accurate enough
if someone wants to use either semi-empirical or CFD models. However, the initial conditions play an
important part in the results of semi-empirical models. The CFD models are limited by their complexity.
Future research on frost formation modeling could focus on reducing the complexity of the CFD models or
further improving the semi-empirical models using the results from the CFD models.

3. DEFROST MODELING

3.1 Defrost Process Overview

The defrost process aims to remove the frost after it forms on the outdoor heat exchanger surfaces. The most common
defrost methods are electric heating defrosting (EHD), hot gas bypass defrosting (HGBD), and reverse cycle defrosting
(RCD). There are many publications that compare the performance of different defrost techniques (Huang et al., 2009;
Klingebiel et al., 2023; Ye et al., 2021). Many researchers reported that RCD is the most effective compared to the
other options such as EHD or HGBD. For example, Huang et al. reported that RCD takes 65% less defrost time than
HGBD (Huang et al., 2009). Klingebiel et al. showed that RCD had the highest defrost efficiency (56%—61%)
compared to warm brine defrost with a supply temperature of 30°C (16%—45%) and EHD (44%—45%) (Klingebiel et
al., 2023). Ye et al. showed RCD electric energy use was 82.5% less than that of HGBD (Ye et al., 2021). Different
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defrosting methods presents different frost melting paradigms. For RCD and HGBD, the heat is provided by the hot
refrigerant vapor in the tube, so the melting starts from the tube/fin. For EHD, the heat transfer direction might be
different, depending on the installed location of the heater.

In this paper, we focus on the modeling of RCD and HGBD with heat supplied from the refrigerant side. The frost in
direct contact with the tube and fins starts to melt first. Then, a thin water layer forms between the tube and the fin
surface and the frost layer. The maximum thickness of the water layer is a result of gravity, heat exchanger orientation,
geometry, and surface energy. After the thickness of the water layer reaches a maximum, some studies concluded that
an air gap formed between the water layer and the frost layer (Dopazo et al., 2010; Qiao et al., 2018). Other studies
(Qu et al., 2012; Song et al., 2014) concluded that an air gap did not exist. According to these models, the thickness
of the frost layer decreases, but the frost layer is still in contact with the water layer. When the thickness of the frost
layer is 5% of its initial value (Dopazo et al. 2010), it falls off from the heat exchanger. When the thickness of the
frost reaches zero, the retained water layer starts vaporizing, until the water layer thickness reaches zero.

A physics-based defrosting model is important to predict the heat pump energy use accurately during defrost cycles.
Physics-based models can provide accurate outdoor coil temperature for heat pump performance calculations, while
empirical models rely on outdoor air temperature. In addition, physics-based models can provide accurate duration for
each stage in the defrosting process. However, empirical models use the defrosting time duration from the defrost
control strategy. Therefore, physics-based models can predict more accurate energy use for each stage, even for the
dry heating stage, which can be used for optimizing defrost control strategies.

3.2 Model Formulation

The pioneering defrost model was put forward by Krabow et al. (1993), in which the defrost process was divided into
preheating, melting, vaporizing, and dry heating. This multi-stage paradigm formed the foundation for the subsequent
studies that further developed the defrost models. Table 1 summarizes the first-principle defrost models. As shown in
the table, the models developed later became more and more comprehensive, adding considerations such as heat
exchanger (HX) circuitry, gravity effect, and heat pump transients between frost and defrost. Embedding a defrost
model with a distributed-parameter, multi-circuitry HX model allows the description of uneven defrosting (e.g., some
surface is in the dry heating stage while other surfaces are still in the melting stage). Some models try to account for
the melted frost flowing downward and draining away. Heat pump transients refer to the integration of an HX model
into the system model that captures the refrigerant transients during the initiation and termination of the defrost period.

Table 1 Summary of first-principle based defrost model

Reference Multiple defrost Multi-circuitry Melted frost flowing Heat pump transients
stages HX model due to gravity between frost and defrost

(Dopazo et al., 2010; N x x x

Krakow et al., 1993)

(Quetal,, 2012; l ol V X

Song et al., 2014)

(Ma et al., 2023; N v x v

Qiao et al., 2018)

(Han et al., 2022) N x x v

(Xiong et al., 2024) N x \/ \

Dopazo et al. (2010) divided the defrosting process into five stages. The first stage, preheating, ended when the
temperature of the frost on the tubes reached the melting point. The second stage was the tube frost melting stage.
During the second stage, a water film formed between the tube surface and the frost. This stage ended when the fin
surface reached the melting point. Therefore, the third stage was the fin frost melting stage. This stage ended when an
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air gap formed between the water layer and the frost. During the fourth stage, the air presence stage, the air gap grew,
and the frost layer thickness decreased, until it was 5% of its initial value. The fifth stage was the water film
evaporation stage. Energy balance for the tubes and fins were considered separately. Qiao et al. (2018) adopted a
similar approach as Dopazo et al. (2010), but combined the tubes and the fins into an integral system. Therefore, Stage
2 and Stage 3 from Dopazo et al. (2010) were combined into the same stage. The air presence stage from Qiao et al.
(2018) did not end with 5% of the frost falling off the heat exchanger, but all the frost was melted in this stage. An
additional stage, the dry heating stage, was added at the end of the defrosting process.

Qu et al. (2012) and Song et al. (2014) adopted a different approach. Qu et al. (2012) divided the defrosting process
into three stages. The first stage was frost melting without water flow. During this stage, the water layer thickness
increased because of the heat transfer from the refrigerant. The water layer temperature increased as well. This stage
continued until the water layer reached its maximum thickness. The second stage was frost melting with water flow.
During this stage, the frost layer thickness kept decreasing, but was still in contact with the water layer. The extra
water flew from the upper control volume to the lower control volume. This stage ended when the frost layer
disappeared. The third stage was the water layer vaporization stage. During this stage, all the outdoor coils were free
of frost. The heat transfer from the refrigerant contributed to the water layer temperature, evaporation, and convection
on the surface covered by water or surface without water. Song et al. (2014) modified the stages by adding a preheating
stage to the previous study. The stage, frost melting with water flow, was modified by taking into account the
convection on the surface covered by water and frost, instead of only frost-air convection in Qu et al. (2012).

Very limited studies were found to draw on CFD to visualize or investigate the defrost process on an HX, except for
a master thesis published in 2010 (Ha, 2010). The author developed a 3D model in CFD to simulate the frost melting
on a section of a tube-fin HX and used the model to investigate the effect of hot gas temperature. However, abundant
papers were found to use CFD models to predict the defrost process on an automotive windshield. The absence of
tube-fin HX defrost CFD models could be due to the complexity of the defrost process, that, unlike the frosting
formation process, does not originate from the heat and mass transfer process itself (the defrost problem on a flat
surface can be formulated as a standard thermal resistance network problem). The biggest complexity comes from the
gravity effect that removes the melted frost from the HX surface and from the multi-circuitry HX geometry, potentially
making CFD not the best simulation tool.

3.3 Discussion

RCD and HGBD defrosting processes were divided into stages by previous studies. First-principle models were
developed based on the stage division. After the thickness of the water layer reaches a maximum, some studies
concluded that an air gap formed between the water layer and the frost layer, while other studies concluded that the
air gap did not exist. However, until now, there has been no experimental evidence to validate either one. Previous
studies also disagreed on the amount of frost or water falling down from the heat exchanger at the end of the melting
process. No experimental data can validate that amount.

4. INTEGRATION WITH HEAT PUMP AND BUILDING MODELS

4.1 Integration with Heat Pumps

The models that we reviewed above are useful tools for heat exchanger design. On the other hand, many researchers
are interested in the effect of defrosting on heat pump operation and occupants’ thermal comfort (power consumption,
capacity degradation, indoor air temperature, etc.). Therefore, integrating the frost and defrost models with heat
pump/building models is necessary. There are, in general, two groups of methods to integrate the defrosting aspect
into a heat pump model: physics-based approaches or empirical approaches. Previous studies have integrated first-
principle frosting and defrosting models with detailed heat pump equipment models. Qiao (2014) integrated first-
principle frosting and defrosting models into a discretized heat exchanger model. The discretized heat exchanger
model was combined with other component models to form a platform in Modelica that can perform transient
simulations for vapor compression systems. The transient models could predict the performance of a flash tank vapor
injection heat pump system under frosting conditions and during reverse-cycle defrosting cycles. Ma et al. (2023)
integrated a similar first-principle frosting and defrosting model with a segment-by-segment finite-volume heat
exchanger model. The five-stage defrosting process was modified using the Takagi-Sugeno fuzzy modeling method
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to avoid numerical discontinuities and improve efficiency and robustness. Ma et al. (2023) then combined the heat
exchanger model with other component models and developed a transient heat pump model in Modelica. The authors
were able to use the transient heat pump model to predict the performance of a variable-speed R410A heat pump under
frosting and defrosting conditions.

Some research directly studied the impact of frosting and defrosting on heat pumps by empirical approaches. Zhu et
al. (2015) divided the outdoor dry bulb temperature and relative humidity by zones, and correlated these outdoor
conditions to the defrost time interval. Similarly, Shao et al. (2021) directly related the heat pump COP deterioration
factor to the zones of the outdoor conditions, and analyzed the thermodynamic performance and economic potential
of an air-source heat pump with direct-condensation radiant panel.

4.2 Influence on Buildings

These empirical correlations enable high-level impact analysis of heat pump operation without the detailed knowledge
of the frost buildup process. Due to low model fidelity and computational cost, this type of analysis can be easily
incorporated with building energy modeling (e.g., E+ or TRNSYS) and scaled up to a large geographical or temporal
scale. EnergyPlus used an empirical approach to determine the defrost time fraction as a function of outdoor humidity
ratio and used defrost energy input ratio with respect to outdoor dry bulb temperature and indoor dewpoint temperature
to determine the heat pump performance during defrost cycles (DOE, 2022). The defrost energy use results were
averaged during each EnergyPlus time step. This method could provide a rough estimate of the annual defrosting
energy use, but was not able to provide information about the peak demand. This method also could not determine the
frost thickness, defrost cycle initiation frequency, and the amount of dry heating time during defrost cycles, which can
be solved by first-principle models. Dongellini et al. (2019) determined the defrost power, defrost time interval, defrost
cycle duration, heat pump COP, and heating capacity degradation under frosting conditions as a function of outdoor
dry bulb temperature and relative humidity. The performance of the air-to-water heat pump was then assessed in
TRNSYS for different climates. Gollamudi et al. (2022) applied the heat pump COP deterioration factor due to frosting
from Shao et al. (2021) and compared the greenhouse gas emissions of a heat pump to a natural gas furnace. Due to
defrost cycles and the current greenhouse gas intensity of the electric grid, ASHP retrofitting is not favored in
Saskatoon, Canada.

4.3 Discussion

Previous studies investigated the influence of frosting and defrosting on heat pumps using transient simulation, the
results were validated with experiments. The modeling of the influence of frosting and defrosting on buildings still
relies on the degradation factors for simplicity. There is no validation for the degradation approach used by EnergyPlus
and other previous studies.

5. CONCLUSIONS

This article reviewed numerical models for frost formation and defrosting related to HVAC&R application. We began
with background information about frosting and defrosting on heat exchangers and their impact on heat pump
operation. For frost formation models, we reviewed the first-principle models on simple geometries, including the
common assumptions and various methods to determine the frost densification rate and frost growth rate. In addition,
empirical correlations for frost characteristics were discussed and compared. For defrosting models, the multi-stage
defrost process was presented. There are, in general, two modeling approaches, with the key differentiator being
whether the model assumes the presence of air gap and water flow. The formulations from different studies were
compared. Lastly, physics-based and empirical approaches were discussed to integrate defrosting into higher level
heat pump/building models.

Potential future research on this topic includes further evaluation of the air gap assumption in the defrost models, and
a representation method to characterize the frost falling from the heat exchanger. Moreover, the previous literature
presents a clear disconnection between the high-fidelity equipment-level models and the empirical models used in
high-level impact analysis. There is a need to develop a generalized approach to enable large temporal/geographical
scale analysis with the detailed equipment models.
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NOMENCLATURE

p density (kg/m®)

k thermal conductivity (W/m-K)

T temperature °O)

Subscript

f frost

fs frost surface

w wall

dew dewpoint

Acronym

ASHP air-source heat pump

CFD computational fluid dynamics

COP coefficient of performance

DBG densification and bulk growth

DWC dropwise condensation

EHD electric heating defrost

HGBD hot gas bypass defrost

HX heat exchanger

RCD reverse cycle defrost

STG solidification and tip-growth
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