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ABSTRACT

The frost growth on cold surfaces in evaporators is an undesirable phenomenon which becomes a problem for the
thermal efficiency of the refrigeration systems because the ice layer acts as a thermal insulation, drastically reducing
the rate of heat transfer in the system. Its accumulation implies an increase in energy demand and a decrease in
the performance of various components involved in the refrigeration process, reducing its efficiency and making
it necessary to periodically remove the frost, resulting in expenses for the defrost process. In the present work, a
numerical-experimental analysis was performed in order to understand the formation process of porous ice in flat
plates with different surface treatments and parameters. This understanding is of utmost importance to minimize
the formation of porous ice on cold surfaces and improve equipment efficiency and performance. In this context,
a low-cost experimental apparatus was developed, enabling an experimental analysis of the phenomenon under
study. The environmental conditions evaluated are the temperature of the cold surface, room temperature, humidity,
and air velocity. The material of the surfaces under study are aluminum, copper, and brass with different surface
finishes, designated as smooth, grooved (hydrophilic), and varnished (hydrophobic). The numerical-experimental
analysis demonstrates measurements and simulations of the thickness, surface temperature, and growth rate of
the porous ice layer as a function of the elapsed time. The numerical results were in good agreement with the
experimental results, indicating that the varnished surface, with hydrophobic characteristics, presents greater
difficulty in providing the phenomenon. Therefore, the results showed that application of a coating allowed a
significant reduction on the frost formation process contributing to the improvement of thermal efficiency and
performance of refrigeration systems.
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Bi Biot number
Bi, Biot number to mass transfer
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¢, specific heat at constant pressure [J/(kg K)]
d surface diameter of the porous ice layer

D water vapor diffusion coefficient in the air
h, convection heat transfer coefficient [W/(m?* K)]
h,, convection mass transfer coefficient [m/s]
hy, sublimation enthalpy [kJ/mol]

Ja Jakob number

K thermal conductivity [W/(m K)]

m water vapor phase change rate [kg/s]

Nu Nusselt number

P pressure [Pa]

q heat flux [W/m?]

t time [s]

T temperature [K] [°C]

u, v air velocity [mls]

w absolute humidity of the air [kgwater/kgdry air]
Greek Symbols

a thermal diffusivity [m*/s]

o surface energy [J/m?]

8 ice thickness [mm]

e porosity of volumetric fraction

0 surface contact angle [°]

u dynamic viscosity [Pa s]

o specific mass [kg/m’]

o interfacial energy [kJ/m?]

7 source term [J]

d partial derivative

A factor referring to flow turbulence

T tortuosity

v kinematic viscosity [m?*/s]

D relative humidity of the air [%)]

Subscripts

air air

B solid phase

c cold

conv convection

eff effective

dz differential of the coordinate on the normal shaft the flat plate
y gas phase

f frost

sat saturated

tr transition
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Superscripts

* dimensional

1 Introduction

The formation of porous ice is a physical phenomenon that occurs when the flow of the mixture
formed by air and water vapor comes into contact with surfaces that have temperatures below 0°C.
Examples of applications where this phenomenon occurs are aircraft wings, refrigeration system
evaporators, compressor rotors, cryogenic liquid transfer and storage, and many others [1]. The
equipment used in the most diverse types of refrigeration segments, whether commercial or industrial,
works with evaporation temperatures close to —10°C, favoring the generation and accumulation of
porous ice (frost) on the surface of the devices used in the process of cooling [2].

When the formation of the frost layer occurs on a heat exchanger this phenomenon becomes a
problem for the thermal efficiency of the system because the ice layer acts as a thermal insulation,
drastically reducing the rate of heat transfer in the cooling system. This fact is aggravated over time,
as the thickness of the ice layer increases and thus the airflow decreases, according to Liu et al. [3]
in some exceptional cases the layer increases to the point of completely blocking the airflow in the
heat exchanger. Avoiding ice accumulation in heat exchangers is essential for the proper functioning
of the system. According to Wu et al. [4], the frost layer in heat exchangers not only increases thermal
resistance, but also reduces airflow causing a drop in performance in heat exchangers.

Every refrigeration system is impaired if the heat exchanger does not work properly; preventing
the formation of ice buildup in the heat exchanger is essential for the proper functioning of any
refrigeration system. New energy efficiency programs are increasingly tight on the efficient use of
energy sources, with actions requiring manufacturers to develop new products with high performance
and low energy demand [5].

Kinsara et al. [6] investigated the possible reduction in the formation of porous ice in evaporators,
dehumidifying the air through a dehumidification system using a hygroscopic substance capable of
absorbing water. They concluded that the system under investigation was somewhat unviable, as it has
a high cost for smaller applications.

Cai et al. [7] analyzed the effects of surface energy on the phase change of water vapor in the first
stage of the growth of porous ice, carrying out tests on two surfaces, coated with copper and wax,
respectively, to find an effective method of restricting the growth of frosts. The results indicate that the
wax coating restricts the growth of the porous ice layer, presenting a lower height and density when
compared to the surface coated with copper.

Other studies have investigated the application of coatings made of hydrophobic substances (which
do not dissolve in water or repel it) and hydrophilic substances (which have an affinity for and are
soluble in water), as methods to prevent the formation of porous ice.

Liu et al. [3] investigated experimentally the anti-frosting performance of a paint made up of
hydrophilic and polymeric substances. The growth of the porous ice layer was monitored, with a
metallic plate as a cold surface, half of which was covered by the paint. The results showed that the
start of the nucleation phase was delayed by 15 min with a reduction of at least 40% in the thickness
of the porous ice layer, proving the effectiveness of the proposed coating.
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Liu et al. [8] concluded in their studies that changes in the surface energy of the cooling plate
are a viable way to alter the properties of porous ice and modify the formation of crystals, which can
originate weaker or looser ice sheets, easily removed.

Kim et al. [9] investigated the characteristics of porous ice formation by comparing surfaces with
hydrophilic (polyacrylate resin), hydrophobic (fluorinated resin), and uncoated (neutral) coatings. The
authors concluded that the coatings provided a delay in the formation of porous ice on both surfaces,
however, in the case of the hydrophobic surface, the effect was negligible, while for the hydrophilic one,
a thinner and denser ice layer was obtained.

Hermes et al. [10] proposed the model along with experimental data obtained in-house to validate
a semiempirical modeling approach for predicting frost accretion on hydrophilic and hydrophobic
substrates. An algebraic expression for the frost thickness as a function of the time, the modified
Jakob number, the Sherwood number, the humidity gradient, and the surface contact angle was devised
from the frost formation theory. When compared to the experimental data for the frost thickness, the
proposed semiempirical model showed errors within £15% bounds and an average predictive error of
11.7%. Since the model carries the contact angle as an independent parameter, a sensitivity analysis
of the frost growth rate about it is also reported.

Amini et al. [11] investigate the frost formation and flow over a fin and tube heat exchanger due
to natural convection for various conditions of relative humidity, air ambient temperature, and mean
refrigerant temperature. The results include frost deposition, steps of frost formation, and its effect on
heat transfer rate for different conditions. The results show that frost is formed only on the tip of the
fins with higher thickness from top to bottom due to the small distance between the fins. Frost causes
air trapping which increases the thermal resistance and reduces heat transfer in the system.

Niroomand et al. [12] investigated an experimental study on the formation of ice on a plate under
natural convection. Frost thickness, mass, density, and surface roughness were measured during each
test. The effect of operating conditions (plate temperature, room temperature, and relative humidity)
on the properties of the ice was investigated. In this work, it was shown that the surface roughness
of the ice is related to the shape of the ice layer, porosity, and density. It has also been found that the
temperature of the plate significantly affects the roughness of the frozen surface; as the temperature
of the plate decreases, the ice layer has a high average roughness and negative asymmetry, which
corresponds to a low density and highly porous ice layer. The increase in humidity and air temperature
slightly affects the average surface roughness, but not the distortion of the frozen surface.

Amer et al. [13] studied the influence of contact angle on the freezing process of water droplets on
cold surfaces under natural convection. It was found that it effectively affects the way ice crystals grew
as well as the freezing time, being directly proportional. The contact angle is a macroscopic parameter
that determines the microstructure that the ice will assume in the porous layer [14].

Wang et al. [15] investigated an experimental study that examines the effect of ultrasonic vibration
on ice formation under a convective environment. It was found that the increase in relative humidity
increased the thickness of the ice and influenced the property of the ice. The test results indicated that
non-contact vibration does not affect ice formation.

A large number of studies have been carried out in recent years, to characterize the phenomenon
of formation and accumulation of porous ice (frost). However, it appears that the minimization
mechanisms are not yet fully known and that new attempts and assumptions must be made, to assess
the real effectiveness of the use of coatings or minimization methods. The general objective of this study
is to perform a numerical-experimental analysis of the use of coatings on flat surfaces to ascertain the
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minimization of the formation of the porous ice layer. This understanding is of utmost importance to
improve refrigeration equipment efficiency and performance.

2 Methodology

2.1 Mathematical Modeling

The mathematical formulation of the porous ice formation in flat plates, based on the models
developed by Sedano [16] and Tao et al. [17], present in Biglia [5]. The formation of pore ice can be
divided into three stages:

1) period of crystal growth;
i1) period of pore ice layer growth;
ii1) period of intense growth of the porous ice layer.

Tao et al. [17] subdivide the formation process based on the last two stages as:

i) one-dimensional crystal growth;
ii) crystal branching and formation of the porous layer.

The parameter called transition time (¢,), which establishes the beginning and the end of each
stage and indicates the transition between them, is used to perform the mathematical formulation of
this phenomenon. It can be subdivided into two stages:

i) formation of ice cores;
ii) one-dimensional growth.

Each stage has a specific mathematical modeling. In the second stage, where crystal branching
occurs, the ice is considered to be porous, increasing the complexity of the modeling. To solve the
equations governing this stage, the volumetric averaging technique developed by Whitaker [18] for
modeling the drying process in porous media was used.

2.1.1 Modeling the First Stage of the Frost Formation Process

In the first stage of pore ice formation, nuclei are formed, with one-dimensional growth in
the direction perpendicular to the surface. The short duration of this stage does not diminish its
importance in the mathematical modeling of the formation process, being a requirement that must
be met to reach the second stage, whose influence will be noticeable only in the second stage.

In the formation process of this phenomenon, heat and mass transfer happen simultaneously;
consequently, the governing equations for this stage are obtained from heat and mass balances. Eqs. (1)
and (2) represent the mathematical modeling of the first stage of the pore ice formation process, which
is considered to be one-dimensional.

i) Energy Equation:

oT *T T od ad
pﬁcpﬁdﬁ = kﬁdﬁ + 2](,355 — 4h( (T — Ty) + 2pﬁhsga, (1)
i1) Diffusion Equation:
ad

P = 2h,, (W, — wp) . 2
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2.1.2 Modeling the Second Stage of the Frost Formation Process

In modeling this stage, the model developed by Whitaker [18] for porous media is used, based on
local volumetric averaging. The mathematical formulation of the phenomenon of porous ice formation
in the second stage is developed from the basic equations governing the heat and mass transport
phenomenon. Egs. (3) and (4) correspond to the model of the second stage of the porous ice formation
process.

i) Ice Phase Continuity Equation (8):

deg .

. = = — Wsats 3

T (3)
ii) Gas Phase Diffusion Equation (y):

ade, 0 ow

—=—\D,— ). 4

at ot ( 7 82) “4)

2.2 Numerical Modeling

The program was implemented in Python using the Jupyter Notebook Environment, which
consists of an open-source application (BSD license) that allows the creation and resolution of routines
that contain iterative codes and equations, as well as obtaining graphics (Matplotlib). The equations
that model the first stage of the pore ice layer growth are solved using finite differences. To develop
the discretization, the Finite Difference Method is used centered on the derivative in space and
intermediate points, and implicit formulation for the transition time. Applying a fixed mesh, the
values of the properties are interpolated to each new position of the boundary, through the Spline
Method, which is an approximation technique, by means of polynomial interpolation, where the
interval of interest is divided into several subintervals, which are interpolated with polynomials of
smaller degrees.

1) Discretization of the Energy Equation:
T -T T, -2 T, T =T d—d 2d—dr,

dz i — di i+1 2 i+1 i—1 —4B T — T M 5
At Ax? + 2Ax Ax N )+ Ja At )
i) Discretization of the Diffusion Equation:
d —d"
———= =2Bi, (w, — WZ.H) ) 6)

At

The differential equations that model the second stage are again solved using the Finite Difference
Method. Centered finite differences are used for the derivatives in space and, for the intermediate
points, the Upwind Technique is used for the time derivative. A fixed mesh is used, as before, and
the values of the variables and properties under study are interpolated to each of the new boundary
positions, the differential equations are solved by iterations, until a difference equal to or less than 10~°
is obtained between the values of the variables in two successive iterations.

i) Discretization of the Energy Equation:
1 o Ty =T 5 w TP =T 1 ot Ty = T
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ii) Discretization of the Gas Phase (Vapor) Diffusion Equation:

B n—1 B
3 Iovn 1 5
n = (1 o P:) l [E(l — Sﬂ),-_l - Vj+1/zi| P+ |:8(1 _ gﬁ)j S %1/2] -
1 n—1 (8)
+[E(1 - 8ﬁ)]’+1 - yj+|/2] '0";'1+1 — 8]’11] .
ii1) Discretization of the g-Phase Continuity Equation:
el A ©)
o[ ()]
| (10)

The flowcharts of the solution algorithms for the first and second stage of porous ice formation

are illustrated in simplified form in Figs. la and 1b, respectively.

First stage data

Environmental Parameters
Too s Te Voo s Weo s ter1 s terz
87, T°, &% 8z%nz = 20
|
Initial conditions
8(ty) = 8o

d(Z, t-!Tl) = dl)
T(ZJ t!‘.l"l) = TC

Calculate 6}

Interpolate properties for the new boundary position

Evaluates 1 = 0

Calculate T*

|lerror| = 1073

Yes

Calculate d;

Yes

(b)

(a)

Figure 1: Flowchart of the solution algorithm of porous ice formation: (a) 1* stage and (b) 2™ stage
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2.3 Experimental
2.3.1 Experimental Apparatus

The experimental apparatus according to Fig. 2, consists of a test section, which contains a Peltier
TEC1-12706 thermoelectric chip, a finned heat sink with Cooler Master™ Hyper T4 heat pipes, a
Keysight™ 34970A data acquisition system with a Keysight™ 34901A multiplexer with 18 channels,
a Keysight™ U8002A power supply, a Sony™ Cyber-Shot DSC-W530 Digital Camera with 14.1 MP
and 90 DPI, a Polaroid™ tripod, a Dell™ notebook and an NHS™ UPS. The test section consists of
an acrylic box (casing), an aluminum support base and a Multilaser™ axial fan. A schematic of the
experimental apparatus is shown in Fig. 3.

Figure 2: Experimental apparatus

Testing Section Data acquisition system

=
Nobreak Notebook
Multiplexer .
Power supply

Digital camera | Tripod

Figure 3: Experimental apparatus scheme

2.3.2 Experimental Procedure

The methodology used in the experimental procedures can be divided in 10 steps, which are the
following:

#1) isolating the testing environment;

#2) turning on the cooling, control and data acquisition systems;

#3) waiting the required interval of time for the environmental parameters to be in the steady
conditions;

#4) fixating the sample plate to be tested through the use of thermal paste;

#5) turning on the electrical components of the experimental apparatus, fixating the inner air
velocity in 0.5 m/s through the control and data acquisition systems;



EE, 2022, vol.119, no.5 1779

#6) preparing and checking the measurement systems, such as the digital camera, infrared
thermometer, the thermocouples and other sensors;

#7) performing the first measurement, time 0;

#8) activating the cold surface through the power source in the voltage of 11.9V;

#9) performing the measurements in each interval of time of 10 min during the total time of
90 min, collecting all data in a digital spreadsheet;

#10) saving the obtained data for analysis with the specifics of the sample plate being tested.

The flat surfaces used in the experiments consist of square plates of aluminum, copper, and brass,
with a 40 mm edge and 2mm thick. Having different surface finishes: smooth (Sample I), grooved
(Sample II, hydrophilic), and varnished (Sample III, hydrophobic), as shown in Table | and Fig. 4.
The objective of this experimental study is to analyze the formation and growth of porous ice on cold
surfaces by comparing different surface and material treatments.

Table 1: List of samples and respective surface treatments

Sample Surface finish Surface feature
I Smooth Neutral

II Grooved Hydrophilic
11 Varnished Hydrophobic

Aluminum

Brass

Copper

Figure 4: Flat plates used

In order to prepare the square samples, they were initially cut 40 mm wide. Then, they were
grinded with silicon carbide sandpaper with a successively smaller grain size, rotating them in 90°
in each subsequent sandpaper. The adopted sequence was 180, 220, 320, 400, and #600 mesh, using
the maximum rotation available in the equipment, aiming to eliminate risks and marks existent in the
samples surfaces. After the grinding process, the samples were cleaned with water and then ethylic
alcohol, in order to made the surface free of dust and abrasive traits.

At this point, the stages concerning the surface treatment given to the smooth defined surface
(Sample I) were finished. The grooved plates (Sample II) were obtained by the milling process
containing grooves with 1 x 1 mm along the plate. Finally, the Sample III received a varnish layer
generating the hydrophobic surface.
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The experimental uncertainties analysis was associated with the uncertainties of the frost thick-
ness, temperatures, humidity, air velocity and time. The data collected in the experimental tests have
the uncertainties shown in Table 2.

Table 2: Measurement uncertainties

Parameter Measurement tool Unit Uncertainty
Air velocity Digital Anemometer [m/s] +0.215
Cold surface temperature Infrared thermometer [°C] +2.05

Frost thickness Treatment of the images [mm] +0.265
Humidity DHT?22 Sensor [%0] +5.0

Room temperature Type T Thermocouple [°C] +0.5

Time Digital Stopwatch [s] +0.01

3 Results and Discussion

The experimental results presented refer to the thickness, the surface temperature, and the growth
rate of the ice layer on aluminum, copper, and brass flat plates, with different surface treatments
(smooth plate, hydrophilic surface, and hydrophobic surface), in the time interval of 10 min during
90 min.

For the analysis of the frost thickness, the software ImageJ® was used in the treatment of the
images, setting the same measurement scale according to the specifications of the digital camera
used, such as resolution and DPI (dots per inch), which provides the width and height of the image
file, in order to enable the conversion of length, in this case the height, in pixels into millimeters,
and subsequently allowing the superimposition of all images, having as reference the initial time, as
exemplified by Fig. 5.

80 min 90 min

Figure 5: Formation of the porous ice layer in time
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Fig. 6 shows the experimental results obtained comparing the aluminum, brass, and copper
samples, without specific surface treatment, with the environmental parameters presented in Table 3.
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Figure 6: Experimental variation of: (a) frost thickness, (b) surface temperature, and (c) frost growth
rate-without specific surface treatment

Table 3: Environmental parameters-smooth (I)

Parameter Unity Value

Aluminum Brass Copper
Absolute air humidity Kg\ater/ K ary air 0.006296 0.005927 0.005684
Air velocity m/s 0.5
Ambient temperature °C 17.9 17.7 17.1

(Continued)
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Table 3 (continued)

Parameter Unity Value

Aluminum Brass Copper
Cold surface temperature °C -20.0
Relative humidity % 49 4 473 47.1

The results presented in Fig. 6 show good agreement regarding the behavior of the increase in the
thickness of the porous ice layer due to time, with the results published in literature by Liu et al. [19]
and Sommers et al. [20].

Fig. 7 shows the experimental results obtained comparing the aluminum, brass, and copper in the
grooved sample (hydrophilic surface), with the environmental parameters presented in Table 4.

5
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Time [min]
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Figure 7: Experimental variation of: (a) frost thickness, (b) surface temperature, and (c) frost growth
rate-hydrophilic surface



EE, 2022, vol.119, no.5 1783

Table 4: Environmental parameters-grooved (II)

Parameter Unity Value

Aluminum Brass Copper
Absolute air humidity Kgyater/ Kary air 0.00677 0.00699 0.00609
Air velocity m/s 0.5
Ambient temperature °C 18.8 18.2 18.6
Cold surface temperature °C —20.0
Relative humidity % 50.2 54.0 45.8

During the formation and increase of the thickness of the porous ice layer, the thermal conduc-
tivity of the flat surface material has a great influence on the convection heat transfer process that
occurs between the cold surface and the fluid flow, intensifying the exchange by increasing the thermal
conductance and decreasing the thermal resistance.

Fig. 8 shows the experimental results of the hydrophobic surface for flat plates of different
materials, with the environmental parameters presented in Table 5.
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Figure 8: (Continued)
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Figure 8: Experimental variation of: (a) frost thickness, (b) surface temperature, and (c) frost growth
rate-hydrophobic surface

Table 5: Environmental parameters-varnished (11I)

Parameter Unity Value

Aluminum  Brass Copper
Absolute air humidity Kgyater/ Ky air 0.005183 0.006252 0.005784
Air velocity m/s 0.5
Ambient temperature °C 18.1 19.6 18.8
Cold surface temperature °C —20.0
Relative humidity % 40.2 443 43.1

The increase in the thickness of the porous ice layer on all surfaces occurs in the same way, with
small deviations, indicating that varnishing, hydrophobic surfaces, can provide its characteristic behav-
ior to the phenomenon, regardless of the base material used, transferring its thermal characteristics.

Fig. 9 illustrates the comparison between the three surface treatments with porous ice thickness,
for aluminum, copper, and brass based materials, respectively. It shows that regardless of the base
material, the smooth and varnished samples present similar behaviors; in the case of smooth, keeping
close values, then in the case of varnished ones, having both coherence and repeatability. In the case of
grooved samples, it can be seen that in the behaviors presented there is no rationality or logic regarding
possible influences caused by basic materials or environmental parameters used, with no possibility
for predictions, as seen on the brass base material, in which the thickness of the porous ice layer is
shown greater up to 80 min when compared to the smooth and varnished samples.
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Figure 9: Porous ice thickness for: (a) aluminum, (b) brass, and (c) copper

The numerical data obtained in this study were validated, based on the numerical models proposed
by Sedano [16] and Maldonado et al. [1], through the experimental data collected during the tests.
Fig. 10 shows the thickness of the porous ice layer according to the base material of the surfaces of the
flat plates, in which it is noticed that the behavior is similar to the one obtained experimentally.

The graph compares the experimental results with those obtained numerically, on smooth surfaces
with different materials and a hydrophobic varnished surface, having as the largest percentage
difference between the numerical and experimental results ~24% for the time of 20 min for Sample
I of copper. Some differences are noted in the curves that predict the growth of the porous ice layer
in the varnished and brass (smooth) samples, showing different behavior to the others. In the case of
the brass surface, this is possibly due to the value of the k,,; used, since there are several alloys, the
same one adopted by Rohsenow et al. [21]. For the varnished surface, two possible factors justify the
deviations: the value of k,,;, similarly to the brass surface, but the same being extrapolated on this
occasion and also the tendency of stability that is perceived after 70 min have elapsed, emphasizing
that after 90 min (fixed time) no experimental tests were performed to validate the model.
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Figure 10: Numerical and experimental comparison for the frost formation

4 Conclusions

Frost growth on the heat exchanger surface can significantly alter the system performance. An
experimental and numerical analysis of the porous ice formation process is of utmost importance to
avoid this physical problem and improve the thermal efficiency and performance of equipment that are
subject to this problem. The present study was aimed at understanding the formation process of porous
ice in flat plates with different surface treatments and parameters. This understanding is an important
tool to minimize the formation of porous ice on cold surfaces and improve equipment efficiency and
performance. A low-cost experimental apparatus was conceived and developed, showing itself capable
of providing the phenomenon of porous ice formation on flat surfaces. The environmental conditions
evaluated were the temperature of the cold surface, room temperature, humidity, and air velocity. The
material of the surfaces under study were aluminum, copper, and brass with different surface finishes,
designated as smooth, grooved (hydrophilic), and varnished (hydrophobic). Results showed that
application of a coating allowed a significant reduction of formation process of porous ice. The results
indicate a good agreement with the literature that describes the behavior of the formation of porous ice
and the frost growth rate. Regarding the surface treatments used, the smooth and varnished samples
showed coherent behaviors, allowing numerical predictions, a fact not seen in the grooved surfaces.
The results indicate that the simple application of varnish, which provides a hydrophobic surface,
results in an effective decrease in the layer of porous ice, especially in materials with high thermal
conductivity, since it transmits its characteristics and properties to the surface in question. Finally, it
is emphasized that this research brings a contribution to science as the numerical and experimental
results are compatible with the existing ones in the literature, and can serve as a support for new
investigations regarding minimization of frost formation. It is essential to offer contributions about
frost formation reduction, since the phenomenon generates unnecessary energy demand, damages the
refrigeration equipment and consequently brings financial loss because of maintenance.
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