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Abstract

Cyclic frosting and defrosting operations constitute a
common characteristic of air-source heat pumps in cold
climates during winter. Simulation models that can cap-
ture simultaneous heat and mass transfer phenomena as-
sociated with frost/defrost behaviors and their impact on
the overall heat pump system performance are of criti-
cal importance to improved controls of heat delivery and
frost mitigation. This paper presents a novel frost for-
mulation using an enthalpy method to systematically cap-
ture all phase-change behaviors including frost forma-
tion and melting, retained water refreezing and melting,
and water drainage during cyclic frosting and defrosting
operations. A Fuzzy modeling approach is proposed to
smoothly switch source terms when evaluating the dynam-
ics of frost and water mediums for numerical robustness.
The proposed frost/defrost model is incorporated into a
flat-tube outdoor heat exchanger model of an automotive
heat pump system model to investigate system responses
under cyclic operations of frosting and reverse-cycle de-
frosting.

Keywords: heat pump, reverse-cycle defrost, retained wa-
ter, transient simulation, mode switch

1 Introduction

Cyclic frost accumulation and removal on the outdoor coil
surface of air-source heat pumps are common in winter
operations. As the system performance degrades due to
blockage of free air flow passages and increased ther-
mal resistance between coil walls and air streams, peri-
odic defrost cycles are necessary to ensure consistent heat
delivery and safe operations of the system. In practice,
reverse-cycle defrost is among the most common strate-
gies to implement by reversing the thermodynamic cycle
to melt the accumulated frost. After that, the melted wa-
ter can be evaporated as the coil continues being heated
and can simultaneously drain from the coil surfaces due
to gravity. Once the defrost cycle completes according to
feedback controls or simply time-based controls, the re-
frigerant flow is reversed again to restore nominal heating
operations. However, in case of an insufficient defrost op-
eration, a portion of the melted liquid water is retained on
the coil surface owing to surface tensions, which subse-
quently refreezes as solid ice when the system switches

back to the heating mode where the outdoor coil operates
as an evaporator. As a consequence, the next heating cycle
can suffer from more significant performance degradation
due to the presence of the ice layer as an additional thermal
resistance compared to the previous heating cycle, which
can lead to a shorter heating period before a necessary de-
frost cycle (Zhang, Li, and Hrnjak 2024). The issue is
particularly important to operations of microchannel heat
exchangers commonly adopted in automobile applications
(including electric vehicles) whose performance is more
sensitive to air flow blockage and thermal insulation due
to the compact configuration.

Simulation tools that can capture the complicated heat
and mass transfer phenomena of cyclic frosting-defrosting
operations can be critically useful for the design and eval-
uation of improved defrost controls for air-source heat
pumps that can mitigate frost/ice on the outdoor coil with-
out excessively heating the coil during defrost cycles. Al-
most all existing frost/defrost models for heat pump sys-
tems focused on switches between frost formation and
melting behaviors, omitting the impacts of retained wa-
ter refreezing and melting on transients of cyclic frosting
and defrosting (Qiao, Aute, and Radermacher 2018; Ma et
al. 2023; Alam et al. 2024). Westhaeuser et al. (2023) de-
rived a numerical model that accounted for frost formation
and melting as well as retained water statuses in a lumped
control volume. However, no general switching scheme
was implemented for transitions between stages of frost
and water processes, which hinders its applicability to de-
scribe heat pump transients under realistic mode switches
between frosting and defrosting.

This paper presents a novel frost model that system-
atically captures all phase-change behaviors of frost and
retained water/ice in a multi-phase multi-substance con-
trol volume using an enthalpy method. A Fuzzy modeling
approach is proposed to smoothly switch source terms of
governing equations to evaluate dynamics of the control
volume based on underlying physical processes. The de-
rived model is incorporated into a discretized flat-tube out-
door heat exchanger model of an automotive heat pump
system. The system model is then simulated to investi-
gate transients under cyclic operations of frosting/heating
and reverse-cycle defrosting with retained water behaviors
taken into consideration.

The remainder of this paper is organized as follows:
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Section 2 describes model development for frost and re-
tained water processes; Section 3 presents a discretized
outdoor heat exchanger model incorporated with frost be-
haviors, and other component models to complete a heat
pump system model; simulation results of the developed
system model under cyclic frosting and defrosting are re-
ported in Section 4, followed by conclusions summarized
in Section 5.

2 Frost/defrost model

Frost formation and melting involve simultaneous heat
and mass transfer. A common practice to model both pro-
cesses relies on evaluating mass and energy balances of
a frost control volume to characterize its dynamics which
can be represented by a frost layer thickness and a lumped
density (D. Kim, Braun, and Ramaraj 2018). While a con-
trol volume for water/ice can be constructed in a similar
manner and interconnected with the frost volume to cap-
ture retained water/ice behaviors, significant model com-
plexities are introduced as different phase presences and
interactions between these control volumes need to be
captured when the operating mode changes. Figure 1 de-
picts typical processes that occur on coil wall surfaces un-
der cyclic frosting and defrosting, that consist of

* Process 1: frost formation on dry coils;
* Process 2: frost melting and water drainage;
* Process 3: retained water vaporization and drainage;

* Process 4: retained water refreezing and frost forma-
tion on ice.

It is important to note that transitions between these pro-
cesses can follow different orders. Clearly, each stage
during the process corresponds to different heat and mass
transfer descriptions for control volumes and interfaces.
Moreover, additional iteration variables (e.g., interface
temperature or heat flux) can be introduced when mod-
eling frost and water/ice mediums with individual control
volumes. As a consequence, the overall model robustness
deteriorates.

This work aims to develop a frost model with retained
water/ice considered in a uniform model structure. A
lumped film control volume that integrates frost, liquid
water, and solid ice is developed using an enthalpy method
(Alebrahim and Sherif 2002). The film dynamics under
various operating modes and phase presences are captured
by switching source terms of mass and energy balances.

2.1 A lumped film volume model

An advantage of the enthalpy method to model multi-
ple mediums with phase change is that phase presences
can be determined using the total enthalpy and mass frac-

one-dimensional lumped film control volume composed
of frost and retained water/ice

M il = Mf + My (1)
The total enthalpy of the film is defined as
Hyjjyy = myphy +myihy,; 2

which is the sum of frost enthalpy and retained water/ice
enthalpy. Carrying out an energy conservation analysis of
the film volume yields

dH iim

dt = Hin - Hout + Q

3)
where the inlet enthalpy flow H;, corresponds to water
vapor desublimation during frost formation, the exit en-
thalpy flow H,,,, corresponds to melted water drainage and
vaporization during frost melting, Q represents heat trans-
fer rate (convection or conduction) with ambient air and
coil metal walls. It is important to note that the enthalpy
flow source terms are only active corresponding to a spe-
cific operating mode (e.g, frost formation, frost melting),
and the heat transfer rate changes signs when the heat flow
directions reverse under mode switches.

Assume that the mediums of the film volume are in ther-
mal equilibrium and their temperature gradients are neg-
ligible. As a result, a lumped temperature can be deter-
mined from the enthalpy. Note that frost is a mixture of
dry air and ice. Equation 2 can be rewritten as

Hfilm = Mjcehice + Mairhair + Myl (4)
where mj., and mg;, denote mass of ice and air of the
frost layer, respectively. Apparently, the determination
of the film temperature depends on operating modes. In
case of frost formation, the retained water on the coil
surface must be frozen before frost deposition happens,
since a necessary condition of frost formation is that the
surface temperature is below the water freezing point Ty
(e.g., 273.15 K). This physical insight indicates that the
film undergoes frost formation process when the condi-
tion Hyjjy < Hjjm,s0 holds where Hpi 50 represents the
enthalpy when all retained water turns into solid ice at Ty
and is computed by

H it s0 = Micehice,0 + Mairhairo + Myihice,0 &)
where hjc. o and hg;-o represent specific enthalpies at the
freezing temperature. During frost formation, the film
enthalpy is proportional to temperature changes with a
lumped specific heat capacity since there is no internal
phase change inside the volume. As a result, the film tem-
perature is obtained by

H itm — H fitm,s0

tions of each medium, eliminating the evaluation of in- Tfitm = +T (6)
ternal heat transfer between them explicitly. Consider a M fitmCp, film
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Figure 1. Frost and water/ice processes during cyclic frosting and defrosting: (a) Process 1: frost formation on dry coils; (b)
Process 2: frost melting and water drainage; (c) Process 3: retained water vaporization and drainage; (d) Process 4: retained water

refreezing and frost formation on ice.

where ¢, rii, is a mass-weighted property and is deter-
mined by

Cp.iceMice 1 Cp.airMair + Cp willyi

(7)

Cp.film =
pJilm Mfilm
Similarly, an enthalpy condition Hjj,, > H ijm 10 can be
employed to indicate the conclusion of the frost melting
process as well as the switch to retained water drainage
and vaporization, as shown in Figure 1 (c) where

)

defines a film enthalpy at 7o when solely liquid water is
present in the film volume. In this case, further heating
of the film leads to a temperature above the freezing point,
which can be determined using Equation 6 with H g, 10 as
a reference.

Clearly, the film undergoes phase changes associated
with either the frost layer or the retained water/ice when
H fiim,s0 < Hiim < Hpiym 10 1s met, with a temperature at Tp.
These processes include frost melting, and retained water
refreezing or melting.

In summary, the film temperature can be retrieved from
its enthalpy and mass composition at any time instance as

Hfilm,lO = micehw,O + mairhair,O + mwth,O

H iy —H; )
=L S0 T 3 H fim < H it 50,

In terms of mass conservation, analyses are carried out
for the frost layer and the retained water/ice layer sepa-
rately. The frost mass is characterized by its thickness and
density my = OrpyAs as mass transfer contributes to its
growth and densification simultaneously. The mass con-
servation can then be formed as

d6f o m&in *mﬁ,out

10
- A (10)
de mp in — mp out
0y _ el pout 11
dt 5fAs (1)

with a decomposition of the source mass flow rates into
portions that correspond to mass transfer at the frost sur-
face and within the frost layer. Finally, a mass balance of
the retained water/ice layer is formed as

dm;
dt

= Myjin — mwi,aut- (12)

With the model setup presented above, transient behav-
iors of the lumped film can be described by its enthalpy,
the frost layer thickness and density, and the retained wa-
ter/ice mass. Other properties of the film are retrieved
from these state variables. For example, an average film

Hm film%, film density is computed by

. — Sfilm— 2 film 10 .

Tyitm = M filmCp, film +To it Hyim > Hyitm, o, ©) o Mfitm (13)
To otherwise. Pritm = 8 + myi/ Py

DOI Proceedings of the 16 International Modelica&FMI Conference 337

10.3384/ecp218335

September 8-10, 2025, Lucerne, Switzerland



Frost/Defrost Models for Air-Source Heat Pumps with Retained Water Refreezing Considered

where p,,; represents water/ice density depending on the
operating mode.

2.2 Switched source terms

2.2.1 Heat and mass transfer

Evaluations of the source terms that appear in the govern-
ing equations depend on operating modes and phase pres-
ences of the film. In the current work, coupled behaviors
of the frost layer and water/ice layer are described in the
following stages based on phase presences, which cover
scenarios associated with cyclic frosting and defrosting
operations of heat pumps

 stage 1: frost formation on retained solid ice, corre-
sponding to Process 4 shown in Figure 1 (d);

* stage 2: melting of the retained ice and frost, corre-
sponding to Process 2 shown in Figure 1 (b);

* stage 3: retained liquid water drainage and vaporiza-
tion, corresponding to Process 3 shown in Figure 1

(c);
* stage 4: dry coil with no frost or retained water/ice.

To derive source terms of heat and mass transfer under
frost formation at stage 1, an important assumption is that
water vapor is saturated at the frost surface. The water va-
por mass flow rate from air streams s1,,,,, which is obtained
by mass transfer calculations (see Eq. (41)), is divided into
a portion that diffuses into the frost layer and another that
deposits on the frost surface. The mass flow rate of water
vapor that diffuses into the frost layer and contributes to
its densification over the surface area A, can be obtained
according to Fick’s law at the frost surface

(14)
x=0¢

and is approximated in a finite-difference fashion across
the film volume

pwv(Tfs) - pwv(Twall)
S5

mp.,in ~ DeffAs (15)

where p,,,(Tys) and py, (T,ya) denote saturated water va-
por density at the film surface and wall temperatures, re-
spectively. The effective diffusion coefficient D,y is eval-
uated using the following correlation (Breque and Nemer
2016)

£

1-0.58(1—¢) (16)

Deyr =

where € represents the frost porosity. Given a total water
vapor mass flow rate from air streams ri,,,, the portion that
deposits on the frost surface can be obtained by

a7

m&in = Hlyy — mp,in-

Since there is no mass flow leaving the frost layer dur-
ing this stage, Equation 10 and 11 can be evaluated with
ms i, and rip iy, respectively. Furthermore, the retained
water/ice layer yields no mass transfer, which leads to the
mass m,,; remaining constant.

Heat transfer between the film volume and air streams
consists of sensible and latent heat due to water vapor
desublimation. Carrying out an energy balance at the film
surface leads to

- ’Zfs inlm
Qa sk film 5fil /2

which can be used to obtain the film surface temperature
Ty, given that the total heat transfer (include sensible and
latent) from air streams (), (obtained by Eq. (43)) de-
pends on the surface temperature as well. ky;,, is the film
thermal conductivity which is determined in a density-
weighted manner

(18)

Kfim = kp + (ki — k) P PL
Pwi — Py

A correlation reported in (K.-S. Lee, W.-S. Kim, and T.-H.
Lee 1997) is adopted to evaluate the frost thermal conduc-

tivity as a function of the frost density. Similarly, heat
transfer from wall surfaces is calculated by

19)

Tyan — Tfil m

)= Ades:
Qwall sk film 5film/2

(20)

As a result, the energy conservation in Equation 3 be-
comes

dH iim

dt = Qa + Qwall

2D
for this stage. Note that the inlet enthalpy flow carried by
water vapor is negligible compared to sensible and latent
heat which is determined in an air flow model presented in
the next section.

At stage 2, the retained ice is melted, followed by the
frost melting process. To calculate the melting rate, a
quasi-steady-state energy balance is employed

. Qa + Qwal l
melt — 22
Mypelt Ahy (22)
where Ahg represents the water heat of fusion. Typi-

cally, outdoor heat exchanger fans are off under defrost
mode when the ambient temperature is below the freezing
point and the ambient air cannot be employed to melt frost
through convection. Therefore, the only mass transfer
source of the frost layer is the melted water rits ,,; = Hpers s
which flows into the retained water/ice layer and implies
Hilyi in = Hipey;. Furthermore, it is assumed that the frost
density remains constant during frost melting. The en-
ergy conservation shown in Equation 21 also applies to
this stage.

338

Proceedings of the 16" International Modelica&FMI Conference
September 8-10, 2025, Lucerne, Switzerland

DOI
10.3384/ecp218335



Session: Pumps and Vapor Compression in Track for Energy

After frost is melted and with liquid water retained on
coil surfaces, stage 3 focuses on transients of the retained
water. Two primary processes are liquid drainage owing
to gravity and vaporization as heating coil surfaces leads
to mass transfer. It is challenging to quantify the water
drainage rate physically since it relies on a number of fac-
tors such as surface orientation, wettability, etc. In the
current work, a first-order model

My

Mdrain =
drain

(23)

is applied to describe the process (Westhaeuser et al.
2023). The drainage flow rate is proportional to the to-
tal retained water mass with a time constant #;,,;, which
needs to be calibrated for a specific application.
The mass flow rate of vaporized water is determined by
Hlygp = CvapAs (pwv(Tfilm) - pwv(Ta)) (24)
where c,,[m/s] is a vaporization coefficient (Qiao, Aute,
and Radermacher 2018), py,,(Tfim) is the saturated wa-
ter vapor density evaluated at the film temperature, and
Pwy(Ty) is the water vapor density at the ambient tempera-
ture. Since both drainage and vaporization move water out
of the film control volume, the final form of mass balance
for this stage is

dmwi
dr

Mgrain — mvap- (25)

Correspondingly, enthalpy flows that result from the re-
tained water mass transfer are evaluated in energy conser-
vation. The outlet enthalpy flow is determined by

Hour = mdminhfilm + mvapAhlv (26)
where hy,, denotes the film specific enthalpy and Ak,
denotes the water heat of vaporization.

In case the retained water is completely removed from
coil surfaces before a switch back to frosting conditions,
heat is dissipated to the ambient air. This is indicated by
my,; below a small threshold. At stage 4, the film energy
balance is describe by Equation 21 without mass transfer.

2.2.2 Switching algorithm

Source terms associated with all stages are computed at
each time step. However, only those relevant to the cur-
rent stage should be applied in evaluating the governing
equations. A robust switching algorithm is crucial for re-
alizing the proposed film model. In the current work, the
T-S Fuzzy modeling approach (Takagi and Sugeno 1985)
is adopted for this purpose.

A set of switching rules is first introduced based on
characteristics of all possible stages described in Section
2.2.1. Apparently, the wall temperature constitutes a can-
didate for differentiating the frost formation process from
other melting and dry heating stages. Specifically, stage 1
is active when the wall temperature is below the freezing

point temperature 7p. Otherwise, one of the stages during
defrosting is active. With frost presence, the film volume
undergoes stage 2 until all the frost is melted. Numeri-
cally, this can be determined when the frost layer thick-
ness is above a small threshold (for model robustness con-
cerns). Similarly, the retained water presence is indicated
by the retained water/ice layer mass, that also determines
whether stage 3 or stage 4 is active. In summary, wall
temperature T, frost layer thickness &7, and retained
water/ice layer mass m,,; are identified as linguistic vari-
ables to construct Fuzzy rules. For each variable, two
Fuzzy numbers are created with unique membership func-
tions. For instance, Figure 2 depicts membership func-
tions associated with Fuzzy numbers N and P for the lin-
guistic variable T,,,;. It can be seen that values of both
membership functions change around the freezing point
temperature 7 which corresponds to rules that depend on
whether 7, is above or below Tj. It is important to note
that the piecewise membership functions are continuous
and differentiable to avoid generating events during sim-
ulations. Fuzzy numbers associated with 6y and m,,; are
acquired similar to those shown in Figure 2 where mem-
bership functions associated with Fuzzy numbers N and P
change values between 0 and 1 around a threshold. In this
case, 5f,£ = 0.0lmm and m,,; ¢ = le*Skg are applied as
thresholds.

N

0.8+

0.6+

0.4+

0.2+

0.0

-0.2 T T T T T T T T T !
272.0 2724 2728 2732 2736 274.0
Twall [K]

Figure 2. Membership functions associated with Fuzzy num-
bers for the linguistic variable 7,,,,;.

After that, the following set of Fuzzy rules can be
formed using Fuzzy numbers

1. stage 1 IF T,,;; is N;
2. stage 2 IF T,y is P AND 6y is P;
3. stage 31IF T .4y is P AND 8¢ is N AND m,,; is P;

4. stage 4 IF T, is P AND &y is N AND m,,; is N,

to identify continuous mode switches under cyclic oper-
ations. Finally, numerical weights are assigned to source
terms associated with each stage to realize mode switches
between these stages through a defuzzification process re-
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vealed below

o1 = Un(Tyan), (27)
@ = pp(Tyar) X Up(S¢), (28)
w3 = IJP(Twall) X “N(‘Sf) X .uP(mwz)a (29)
@y = pp(Tyarr) X Un(8f) X iy (1my;) (30)

which translates the Fuzzy rules to numerical outputs us-
ing membership function values. A weight for each stage
is then obtained through normalization

;

7):?:1 o (31)

'}/i:

The final set of governing equations for the film model
is presented as

dHy; . .
dftzlm = Qa + Qwall -7 (mdminhfilm + mvapAhlv) (32)
L@‘ o h mS,in — Valels (33)
dr pfAs
@ _ N mp,in + (')/3 + Y4)(preset - pf)/treset (34)
dt 6fAS
dm,; . . )
== 2mypeir — 3 (mdrain + mvap)- (35

dt

Note that in Equation 34 the second source term is a
numerical treatment using a first-order filter to reset the
frost density to an initial value for the next frosting cycle
after all the frost is melted. It is necessary for simula-
tions of cyclic frost behaviors since the assumption of a
constant frost density is applied to model the frost melting
process (stage 2). Alternatively, this can be realized using
the reinit() method of the Modelica language.

3 Reversible heat pump system model

The developed film volume model captures transient be-
haviors of frost and retained water/ice on coil surfaces.
Incorporating the film model into an outdoor coil model
for a reversible heat pump enables investigation of system
performance under cyclic frosting and defrosting opera-
tions. This section describes a discretized outdoor heat ex-
changer model, and then presents other component models
as well as system model integration.

3.1 Flat-tube heat exchanger model

An outdoor flat-tube heat exchanger with 6 refrigerant
flow passes arranged in 2 rows is discretized by dividing
each refrigerant flow pass into two volumes and dividing
the air flow path by tube rows. As a result, the heat ex-
changer is divided into a total number of 12 control vol-
umes. Figure 3 depicts the heat exchanger configuration
and discretization for a tube row.

Within each control volume, the reversible refrigerant

Flat){bes

refrigerant ///
inlet

row 1

N 4 J
&
9

row 2

s
S
§§

Refrigerant flow pass
/

Figure 3. Flat-tube heat exchanger discretization.

balances
d(p,V . .
(Zt ) = Mijp — Moyt (36)
d(p;V .
M = minhin - m(mthout - Qr (37)
dt
along with a static momentum balance that correlates the
refrigerant pressure drop with wall friction. The heat
transfer rate to metal walls is obtained by
Qr = arAwall(Tr - Twall) (38)

where @, is the heat transfer coefficient evaluated by an
empirical correlation. The refrigerant pressure and en-
thalpy are selected as state variables, and all other ther-
mophysical properties (e.g., T, u,) are retrieved based on
them with lookup table interpolation property models. Itis
important to note that the refrigerant flow descriptions are
valid for arbitrary flow directions and handle reverse flow
in a numerically sound way. Since the focus of this paper
is on frost/defrost model formulations, readers are referred
to (Ma 2024) for two-phase flow modeling details.

Metal walls of flat tubes and fins are modeled as lumped
capacitance

dTwall _

CwallT Qr - Qwall (39)

where O, is the heat transfer to the film and is defined
in Equation 20.

The air-side heat and mass transfer over the film are
modeled with a quasi-steady-state assumption due to their
fast responses compared to the refrigerant flow or frost. A
mass balance is formed as

Filin — Moy — Meond = 0 (40)
where 71,y Tepresents the water vapor mass transfer

through condensation or desublimation, and is obtained
by

dynamics are described by the following mass and energy teond = BAs(@in — Osar (Tfs)) (41
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where 8 is a mass transfer coefficient evaluated using
the heat and mass transfer analogy with Lewis number
Le = 0.89, wy, represents the inlet air humidity ratio, and
Osq: (Tys) represents the saturated air humidity ratio eval-
uated at the film surface temperature. The energy balance
is formed as
Hin - Hout - Qa =0 42)
where Q, represents the total heat transfer rate that con-
sists of sensible and latent parts, and is calculated by
Qa = aaAs(Ta - Tfs) + m00ndAhlat~ (43)
Here «, represents the air-side heat transfer coefficient
and Ahy,, is the latent of either vaporization or sublima-
tion depending on the surface temperature. Note that the
outlet enthalpy flow H,,, includes those of the air stream
as well as the condensed water. A lumped air-side pres-
sure loss is calculated based on the outlet air of the heat
exchanger instead of air streams in each channel.

3.2 Heat pump system model integration

The developed flat-tube outdoor heat exchanger model in-
corporated with frost/defrost is subsequently integrated
into an automotive air-source heat pump system model.
The heat pump can operate in heating or cooling/de-
frost modes by controlling a reversing valve. R1234yf
is utilized as the working fluid. The system adopts a
variable-speed compressor and an electronic expansion
valve (EXV) as the expansion device. Moreover, an in-
door flat-tube heat exchanger that is similar to the outdoor
one but with different geometries is employed.

Modeling the indoor heat exchanger follows the same
approach for the refrigerant flow, metal walls, and air
flows as presented before. The only distinction compared
to the outdoor heat exchanger model is the absence of the
film model since no frost/defrost phenomenon occurs on
the indoor side.

A semi-empirical compressor model is employed to
calculate the compressor mass flow rate as well as dis-
charge enthalpy using volumetric and isentropic efficien-
cies which are correlated as functions of discharge and
suction pressures and the compressor speed. Furthermore,
the shaft power is determined using the shaft torque and
speed.

The EXV model follows a standard throttling process
for both flow directions. The mass flow rate across the
EXYV is computed by

= Ky\/Pin |Pm - pout| (44)
where K, is a flow coefficient determined by lookup ta-
bles when the valve position changes to capture the valve
characteristics under varying operating conditions.

The outdoor heat exchanger fan is modeled using per-
formance tables to calculate the nominal fan power as well
as volumetric flow rate that the fan delivers based on the

pressure rise across the fan, which is equalized to the pres-
sure drop of the heat exchanger. Then the actual perfor-
mance of the fan is obtained by scaling nominal values
with the fan speed.

The suction accumulator captures the refrigerant mass
and energy conservations, similar to the heat exchanger
model. However, the refrigerant exit quality is determined
as a function of the liquid level.

Actuation signals for the heat pump system model in-
clude the compressor speed, outdoor fan speed, EXV
opening, indoor air flow rate, and the reversing valve
opening which controls the refrigerant flow direction and
the system operating mode. A schematic of the heat
pump system model is shown in Figure 4. Besides the
major components described above, the system model
also include connecting pipes, sensors, and controls. All
component models are implemented using Modelon’s
Air Conditioning Library (https://modelon.com/
library/air-conditioning-library/).

4 Simulation results

The developed heat pump system model is simulated to
investigate system performance under cyclic frosting and
reverse-cycle defrosting operations and to demonstrate ca-
pabilities of the developed film model in capturing frost
and retained water/ice behaviors. Simulations are carried
out using the Modelica tool Dymola 2024x with the Dassl
solver and a tolerance of le™*.

The system is initialized at an off condition where the
refrigerant pressure is equalized across the system. Vapor
refrigerant resides in the indoor heat exchanger while two-
phase refrigerant is stored in the outdoor heat exchanger
which is in thermal equilibrium with the ambient. Upon
a heating cycle startup, the compressor speed, outdoor fan
speed, and indoor air mass flow rate are ramped up to their
nominal values while the EXV opening is fixed. After the
compressor speed settles, superheat control is activated to
regulate the EXV opening using a PI controller, as shown
in Figure 4. After a period of operation under frosting con-
ditions, the system switches to a defrost cycle to remove
the accumulated frost and restore system performance. A
number of actuations are considered during mode switch-
ing. The EXV is fully opened while the compressor op-
erates at a lower speed than the nominal value during de-
frost. In the meantime, the reversing valve is energized
to redirect the refrigerant flow. On the air side, the out-
door fan is shut off. However, the indoor air mass flow
rate remains the same as before in order to heat the re-
frigerant that flows back to the compressor in the reversed
direction. Similarly, when the system switches back to the
heating mode, the reversing valve is energized again and
other actuators follow the same operations as heating cy-
cles. It should be noted that vehicle driving cycles that
have a significant impact on air flows are not considered
in the simulated conditions. Consequently, air flow rates
through both coils are determined by the given boundary
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Figure 4. Heat pump system model schematic.

conditions.

In the current work, the indoor air condition is set to 20
C° with a relative humidity of 50%, while the outdoor am-
bient condition is 2 C° with a relative humidity of 70%. A
simulation concerning 25-minute operations is carried out
where the system operates in heating mode for 20 minutes
before switching to a short defrost cycle, which lasts for 1
minute. After that, the system switches back to the heating
model and runs for 4 minutes.
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Figure S. Actuation signals of the compressor and outdoor fan
speeds and normalized EXV opening.

Figure 5 reveals the compressor speed, outdoor heat ex-
changer fan speed, and EXV opening corresponding to the
operating characteristics described above. Figure 6 reports
discharge and suction pressures. It can be seen that the
discharge pressure settles at around 14 bar while the suc-
tion pressure at 2 bar after a startup period of 100 sec-
onds. Then a gradual decrease of the discharge pressure
can be observed during the heating cycle. This is due to
frost formation on the outdoor heat exchanger that dete-
riorates heat transfer and leads to a slight decrease of the
evaporating temperature. A dramatic drop of the discharge
pressure at 1200 seconds is attributed to the actuation of

the reversing valve and opening of the EXV. Ater the re-
frigerant flow is reversed, pressure difference across the
compressor starts building up again similar to a startup op-
eration until the reversing valve is energized to conclude
the defrost cycle, which is followed by another heating
cycle with notable performance degradation due to frost
accumulation.

—— Suction —— Discharge

[bar]
[s=]
i

e A

o —
0 500

— T T
1000 1500

Time [s]

Figure 6. Simulation results of discharge and suction pressures.

The same trend can be observed in the indoor heating
capacity and the compressor power, as shown in Figure 7.
Clearly, the frost buildup leads to a reduction of the air-
side capacity during the heating cycle. However, as a re-
sult the compressor power also decreases due to a smaller
pressure ratio. During the defrost cycle, assuming that no
additional heat source (e.g., electric heater) is available,
the indoor capacity changes sign since the indoor heat ex-
changer operates as an evaporator, which indicates that the
heat pump system absorbs heat from the indoor environ-
ment and can cause thermal discomfort.

Figure 8 examines evolution of the frost mass and the
retained water/ice mass throughout cyclic operations, as a
major contribution of the present work is to derive frost
models with retained water/ice behaviors taken into con-
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Figure 7. Simulation results of indoor air-side capacity and
compressor power.

sideration. The film mass as the sum of them is also
shown. The frost mass keeps increasing upon system
startup, while no mass transfer associated with the re-
tained water/ice occurs during this period. The accumu-
lated frost is melted during the defrost cycle, which leads
to an increased retained water mass. Meanwhile, the re-
tained water drains away and vaporizes as coil wall sur-
faces are heated. However, the system switches back to
the heating mode before a complete removal of the re-
tained water. Consequently, the retained water refreezes
on coil surfaces as frost starts buildup in the next heat-
ing cycle. This additional thermal resistance added on the
heat exchanger surface and blockage of free air flow pas-
sages can accelerate system performance deterioration in
the next heating cycle. These results demonstrate that the
proposed model is capable of capturing the retained water
refreezing phenomenon under cyclic operations.
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Figure 8. Simulation results of frost and retained water/ice
mass.

Furthermore, Figure 9 reveals non-uniform film thick-
nesses across the outdoor heat exchanger. Film thick-
nesses of control volumes at the refrigerant flow inlet (the
first control volume of tube row 2), in the middle of the
refrigerant path (the first control volume of tube row 1),
and at the refrigerant flow outlet (the last control volume
of tube row 1) are shown. It is important to note that the

refrigerant enters the heat exchanger at tube row 2, as tube
row 1 is facing inlet air flows (see Figure 3). It can be
seen that more frost accumulates in the control volume of
tube row 1 than tube row 2. This is because the moist air
first flows through tube row 1 where moisture content is
greater than that of tube row 2 since a portion of water va-
por carried in the air deposits on tube row 1. In addition,
no frost behavior is observed in the control volume at the
heat exchanger outlet due to the fact that the superheated
refrigerant brings the coil surface temperature above the
local dew point temperature of the moist air that results in
dry coil operations there.
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Figure 9. Simulation results of discretized film thicknesses of
selected control volumes.

5 Conclusions

This paper presents a novel film volume model that in-
tegrates frost and retained water/ice behaviors using an
enthalpy method. The film model captures possible op-
erating modes that involve frost formation and melting,
and retained water/ice refreezing and melting under cyclic
frosting and defrosting operations. The advantage of us-
ing the enthalpy method to model these phase change be-
haviors is that it features a uniform model structure with
switched source terms for various operating modes. A
switching algorithm based on the Fuzzy modeling ap-
proach is proposed to avoid discontinuities under mode
switches. The developed film volume model is incorpo-
rated into a discretized outdoor flat-tube heat exchanger
model which is then coupled to other component models
of an automotive heat pump system. The system model
is simulated to investigate system responses under cyclic
heating and reverse-cycle defrosting operations from a
startup. Simulation results indicate that the developed
model is capable of capturing the complicated cyclic tran-
sients of the refrigerant, air, frost, and retained water/ice in
case of an insufficient defrost cycle. The proposed model-
ing approach can be extremely useful for improved defrost
control designs and evaluations of air-source heat pumps
as well as low-temperature refrigeration applications.
Future research efforts can focus on experimentally val-
idating the model in scenarios of retained water/ice pres-
ences and utilizing the model to investigate the overall im-
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pact of retained water refreezing and melting on system
performance over multiple defrost cycles to aid perfor-
mance improvements. Furthermore, the proposed mod-
eling approach can be useful to investigate control strate-
gies that optimize operating efficiencies while minimizing
disruptions to the vehicle interior heating under frost con-
ditions.

Nomenclature

Symbols

a Heat transfer coefficient [W /(m?K)]
B Mass transfer coefficient [kg/(m?s)]
0 Thickness [m]

H Enthalpy flow rate [W]
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