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Abstract

Heat pumps are considered a key technology in the energy transition and have become widely used in the
building sector in recent years. However, under real operating conditions the evaporators of air-source heat
pumps (ASHP) are often exposed to icing, particularly at low ambient temperatures. When the surface
temperature of the evaporator drops below the dew point, water vapor from the air condenses and freezes on
the surface. This ice formation impairs system performance and energy efficiency by increasing flow resistance
and reducing heat transfer. To mitigate these effects, various functional coatings have been developed to
influence wetting and icing behavior. Despite the increasing availability of such anti-icing coatings, a
systematic and reproducible method for their comparative evaluation under realistic ASHP operating
conditions is still lacking. This paper presents an experimental investigation methodology that enables a
quantitative and reproducible analysis of the icing behavior of coated evaporator surfaces. The method
combines thermodynamic measurements with image-based evaluation to characterize frost formation and
detachment. Dedicated test rigs operated in a controlled climate chamber allow precise adjustment of
temperature, humidity, and airflow. The modular test design enables targeted analysis of individual icing and
defrosting processes and supports the assessment of different coatings. The proposed methodology thus
provides a resource-efficient and practical approach for identifying suitable coating candidates for real
evaporator geometries and contributes to the development of more efficient and reliable heat pump systems.
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1. Introduction

Heat pump technologies are increasingly becoming an essential component of energy-efficient heating and
cooling systems and are widely used, particularly in the field of room air conditioning. A heat pump operates
according to a reversed Carnot cycle. In this process thermal energy is extracted from a low-temperature
reservoir and transferred to a higher temperature level to provide heating for indoor spaces.

At low ambient temperatures, when the dew point temperature is undershot, water vapor contained in the
air condenses on the surface of the evaporator. Consequently, frost or ice layers form on the surface [1-3].
This ice formation has a negative impact on the operation of the heat pump, reducing both heat transfer and
airflow through the evaporator [4—8]. The increasing flow resistance and decreasing heat transfer efficiency
eventually lead to inefficient operation, making it necessary to initiate a defrost cycle to remove the
accumulated ice.

Various defrosting strategies have been reported in the literature [9-10], with reverse-cycle defrosting being
the most commonly applied commercial solution [11]. In this process, the refrigerant cycle is reversed so that
energy is transferred from the heated indoor environment back to the evaporator. However, this method is
associated with a reduction in system efficiency, since not only is heat withdrawn from the indoor space, but
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additional compressor energy is also required. Furthermore, in many systems, heating operation is interrupted
during the defrost cycle, which further affects overall performance. For this reason, ongoing research focuses
on reducing the frequency and duration of defrosting cycles or avoiding them altogether [12-13].

A promising approach is to prevent or delay ice formation on the evaporator surface. To achieve this, both
micro- and nanostructured surfaces [14-15] and functional surface coatings [7,16-17] have been investigated.
The combination of these approaches shows additional potential for a sustained long-term reduction in frost
accumulation [18]. However, a systematic comparison of different coatings with respect to their icing behavior
under realistic operating conditions is still lacking.

In this paper, an experimental analysis method will be presented, which allows a quantitative and
reproducible investigation of the icing behavior of a (coated) heat exchanger. The suitability of the method
will be demonstrated by means of an experimental investigation. Based on the obtained results, a selection of
promising coatings can be identified for application on evaporator surfaces, aiming to improve the icing and
defrosting behavior of heat pumps in the long term.

2. Methods

The application of heat exchangers in heat pumps requires specific properties in the evaporator material. It
must combine high thermal conductivity, long-term durability, and resistance to environmental influences.
Any measures to improve icing behavior must therefore not adversely affect key thermodynamic properties,
especially thermal conductivity. To characterize the material’s frosting and defrosting behavior, experimental
investigations are conducted to assess the rate of ice formation, the adhesion strength between ice and the
surface, and the efficiency of ice removal during defrosting. This approach enables the identification of suitable
coatings. Similar to Leoni et al. [19], the initial investigations were carried out on geometrically simple
aluminum samples (50 mm x 200 mm X 1 mm) due to the complexity of the icing process and the large number
of coating variations. All experiments were conducted in a temperature- and humidity-controlled climate
chamber (Vétsch VC? 7034).

2.1. Surface icing evaluation

A qualitative evaluation of the icing behavior was first conducted to identify coatings with visually reduced
frost formation. The aluminum samples (50 mm % 200 mm x 1 mm) were divided into four equal sections,
three of which were coated with different materials, while the fourth remained uncoated and served as a
reference. The samples are mounted on a test rig (see Fig. 1(a)) equipped with three identical Peltier elements
(Quick-Cool QC-71-1.4-8.5M) on the underside. Heat transfer pads (Keratherm Softtherm 86/600) ensure
uniform thermal contact between the Peltier modules and the sample surface. The samples are fixed using
toggle clamps, and Type-K thermocouples are placed between them to measure the surface temperature.

Toggle clamp
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Figure 1. Different experimental setups: (a) surface icing and (b) ice adhesion

The setup is placed inside the climate chamber, where the temperature (5 °C) and relative humidity (=90
%) are kept constant. Both parameters are monitored using the chamber control system and an additional
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climate sensor (Testo 480). Once the environmental conditions stabilize, the surface temperature is lowered to
—15 °C via the Peltier elements. The icing process is recorded using a camera installed in the chamber. When
all surface areas are fully covered by ice (after approximately 15 minutes), the test is completed.

2.2. Measurement of ice adhesion

The adhesion strength of ice on the coated surfaces is determined using a horizontal push test [20-22]. A
force sensor mounted on a lead screw mechanism is moved across the surface at a constant distance of 1 + 0.2
mm, pushing against frozen ice cylinders shown in Fig. 1(b).

Cylindrical polyamide tubes with an inner diameter of 4 mm are used as molds. Once the chamber and
samples reached the target conditions (5 °C and =50 % relative humidity (RH)), 0.05 ml of water is pipetted
into each tube. The samples are then cooled rapidly in multiple test runs to different target temperatures (-3, —
7, —10, —15 °C), causing the water to freeze. The peak force measured during the push test and the average
value are used to determine the adhesive shear strength.

2.3. Icing under forced convection

Evaporators in real operation are continuously exposed to an airflow due to the built-in fan, so the icing
behavior under forced convection must also be investigated. An axial suction fan directs airflow through a duct
across the samples. For this test, the coatings are reapplied on new aluminum plates of identical dimensions,
each with a single coating to ensure higher application quality and reproducibility.

To enhance comparability, a cooling plate with four positions is designed. It is temperature-controlled by a
circulating coolant (PEKASOL L) supplied from a thermostat (Julabo Dyneo DD-1200F). The chamber
conditions are maintained at 5 °C and ~90 % RH, with an airflow velocity of approximately 2 m/s. The icing
process is recorded using a camera for visual comparison of the coatings.

2.4. Evaluation on a heat exchanger model

Based on the results of the preliminary tests, selected coatings are applied to a heat exchanger (Fig. 2(b)) to
assess their performance under near-operational conditions. The heat exchanger is thermally controlled by the
same external chiller system as in the preliminary tests. It consists of multiple copper tubes (10 mm x 1 mm)
equipped with aluminum fins (170 mm x 50 mm x 1 mm), which are mounted via fitted holes. The overall
configuration is similar to the design described by Yang et al. [23]. Copper sleeves (12 mm x 1 mm x 5 mm)
with the same inner diameter as the outer diameter of the pipe are inserted between the fins to adjust and fix
the fin spacing (Fig. 2(a)).

Copper spacing
sleeve

Copper pipe
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Figure 2. (a) Structure of the heat exchanger model with the pipe flows and the (b) dimensions
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The fin package is mechanically preloaded using clamping rings at both ends to ensure proper thermal
contact and prevent deformation during icing.

Unlike in a real heat pump, no evaporating refrigerant is used in this setup. Instead, a liquid coolant is
circulated through the system. In a single flow path, the temperature gradient between inlet and outlet would
be too high. To avoid this, the inlet flow is split into two streams and further distributed by a flow distributor
into four parallel channels on each side, ensuring uniform flow distribution across the heat exchanger. The two
flow directions are arranged counter-currently to minimize temperature gradients along the fins.

The mass flow rate and fluid temperature are measured at the inlet and outlet of the main (undivided) flow
paths using magnetic-inductive flow sensors (ifm SM6120). The transferred heat is calculated from the
temperature difference and mass flow rate, and the cumulative heat uptake is determined over time for
comparison between coatings. Four Type-K thermocouples are attached to the fin surfaces to monitor
temperature. An adjustable axial suction fan mounted at the rear of the heat exchanger provides the required
airflow through the fin package and allows variable speed control. For defrosting, the airflow direction can be
reversed.

At the beginning of each test, the chamber temperature (3 °C, ~90 % RH) and coolant temperature (-15
°C) are stabilized. Once steady-state conditions are achieved, the coolant flow is initiated, and the fan is
switched on. During defrosting, the coolant circulation is stopped, and the coolant is heated. Once the coolant
reaches 10 °C, the circuit is reopened and the heat exchanger is completely defrosted. A front-mounted camera
records the entire test sequence for subsequent evaluation.

3. Results and Discussion

The setup of the basic surface icing experiment with an uncoated aluminum sample is shown in Fig. 3(b).
The progressive formation of ice on the sample surface over time can be clearly observed. Fig. 3(a) shows the
force signal recorded during one run of the push test at a surface temperature of -10 °C. Each peak corresponds
to the detachment of a single ice cylinder from the surface. The measurements show reproducible results with
a deviation of around +10 %. From the measured forces, the ice adhesion strength is derived, which ranges
between 1100 and 1300 kPa and is consistent with values reported in the literature. The observed scatter also
corresponds well to published data [22]. Obvious measurement errors, such as the fourth peak in Fig. 3(a), are
excluded from the evaluation.

Fig. 3(c) presents a section of the optical sequence during the icing of the bare aluminum heat exchanger.
A homogeneous and evenly distributed frost layer forms across the entire surface. In addition, the figure shows
the development of the cumulative absorbed heat during the freezing and defrosting phases, based on three
identical measurements (n = 3). To calculate the absorbed heat, the enthalpy flow rates at the inlet and outlet
were determined, taking into account the temperature dependence of the specific heat capacity and the density
of the coolant. The statistical (Type A) uncertainty of the mean was evaluated in accordance with ISO/IEC
Guide 98-3 (GUM). For the frosting cycle, a value of 0.533 & 0.002 kWh was obtained, while for the defrosting
cycle 0.056 = 0.0003 kWh was determined.

The conducted experiments enable a qualitative and quantitative assessment of heat exchanger performance
under various operating conditions. The experimental setup allows the determination of the energy absorbed
during heating operation and the energy required during the defrosting process. For the uncoated heat
exchanger, it is observed that the energy demand of the defrosting process accounts for approximately 10 %
of the heating operation.
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Figure 3. Results of the experiment: (a) force measurement on ice adhesion gauge, (b) progress of the icing test and (c) image capture
and energy curve during frosting and defrosting of the heat exchanger

4. Conclusion

The presented methodology provides a practical and reproducible approach for the comparative evaluation
of different materials and their icing behavior. Using the developed testing methodology based on simple
aluminum samples, the material and experimental effort can be kept low while enabling a reliable selection of
promising coatings. Considering the growing availability of such coatings, the approach enables an initial
assessment of their suitability for heat pump applications and serves as a basis for future studies under realistic
operating conditions. Further work will include cyclic operation tests with alternating heating and defrost
phases to evaluate the influence on the seasonal performance factor and long-term system efficiency.
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