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Abstract: In the paper, an analysis of a refrigeration device operation under frost forming
conditions has been performed. The results of mathematical modelling and numerical
calculation of heat and mass transfer in the boundary layer have been used as a base for the
calculation of an effective exchanged heat flux. Several cases with different operating
conditions have been analysed and the resulting correlations for determining the optimal
duration of the cooling cycle have been shown. The presented results could be used to control
the device within the scope of maximising the cooling effect and reliability of a cooling energy
supply. In the controlling algorithm hereunder, the starting moment of the defrosting cycle
has been selected depending on real frosting conditions such as air temperature, humidity
and velocity as well as temperature of the heat exchanger surface.
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1. INTRODUCTION

The frost layer, formed when an evaporator operates in moist air and when a fin surface has
been cooled below 0°C, represents significant thermal resistance. Therefore, a defrosting
process has to be performed, which consumes an additional amount of energy. Moreover, it
causes interruptions in the cooling energy supply and leads to insertion of additional heat to
the cooled space. Frost layer growth results with a reduction of mean exchanged heat flux,
which can be significantly smaller than nominal heat flux exchanged on frost-free surfaces.
Frost layer forming has an effect on the space cooling quality and the operating behaviour of
the whole device (Sanders, 1974). For maximising the cooling efficiency it is necessary to
control the device in an appropriate manner. Selection of the appropriate starting moment of
the defrosting cycle is of a great importance.

Therefore, in the paper, a simulation and an analysis of the device operation during working
cycles have been performed. During continuous operation the cooling cycle and defrosting
cycle have been alternated in sequences. As a base for the simulation of the device operation
under frost growth conditions, a detailed calculation of frost layer formation and exchanged
heat flux has to be performed. The model mathematically describes the physical mechanism
of frost layer forming, in which one part of the water vapour flux condenses and solidifies on
a frost surface, thus increasing the frost layer thickness. The other part of the water vapour
flux penetrates by diffusion into the frost layer and increases the frost density. The increase of
the frost density caused by water vapour diffusion leads to augmentation of thermal
conductivity and finally to reduction of thermal resistance of the frost layer. The mathematical
model of heat and mass transfer during frost formation has been based on previous
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investigations (Lenic et al., 2008). Many authors analysed and mathematically described the
frost formation process using different levels of a mathematical and numerical approach
(Lenic et al., 2008; Hayarishi et al., 1977; Lee et al., 1997; Gall et al., 1997; Lenic, 2006). In
the majority of the models, the frost layer is considered as a porous structure containing iced
mesh and air gaps (Tao et al., 1993; Lee ae al., 2003). Some of the models use empirical
correlations on the air-side (Lee et al., 1997; Jones and Parker, 1975; Sahin, 1995; Na and
Weeb, 2004). The other group of models give some improvements and analyse the air flow
using boundary layer equations and predict frost properties using empirical correlations
(Sherif et al., 1990; Yang and Lee, 2005). The frost forming process has also been
investigated experimentally by Cheng and Shiu (2002) and Na and Weeb (2004). The most
sophisticated recent models include calculation of the boundary layer using governing
equations, both for the air and frost side (Hayarishi et al., 1977; Tao et al., 1993; Lee et al.,
2003). Some authors analyse frost formation in a turbulent flow (Yang et al., 2006) as well as
behaviour of the whole heat exchanger under frosting conditions (Yang et al., 2006; Tso et al.,
2006). As in recent investigations, in the presented paper it is assumed that the partial
pressure of water vapour on the frost layer surface is larger than the partial pressure of water
vapour for the temperature of frost layer surface, i.e. the air near the surface of frost layer is
supersaturated (Lenic et al., 2008; Lenic, 2006; Na and Weeb, 2004; Mago and Sherif, 2005;
Lee and Ro, 2005). The aim of this research presented in the paper is to provide a controlling
algorithm for device operation to maximise the cooling effect and reliability of cooling energy
supply. The control is based on real frosting conditions: air temperature, humidity and
velocity as well as temperature of the heat exchanger surface.

2. MATHEMATICAL MODEL

For simulation of exchanged heat on a fin-and-tube heat exchanger, a specific mathematical
model has been used and solved numerically. The domain of calculation has been extracted
from the physical model of the fin-and-tube heat exchanger and includes a representative part
of the heat exchanger i.e. one half of the space between fins, as presented on Fig. 1. Two
different regions which need a different mathematical approach can be distinguished: the
subdomain of the humid air and subdomain of the frost layer, which are delimited by the air-
frost interface. According to earlier studies, it has been assumed that the frost layer
subdomain is a porous medium.

A transient two-dimensional mathematical model of frost formation has been developed. The
applied mathematical model has been defined using governing equations for the boundary
layer near and inside the frost layer. Governing equations and boundary conditions for both
regions have been presented on Fig. 2. The presented model calculates velocity and
temperature fields of the boundary layer near the cooled fin in a humid air stream, as well as
the temperature and density fields inside the frost layer. It predicts a frost layer growth rate as
well as a change of the thermal conductivity of the frost layer.

The exchanged heat flux has been significantly influenced by the frost layer which has formed
on heat exchanger surfaces. The frost layer growth rate depends on a water vapour transfer
from an air stream into the frost layer, diffusion rate of the water vapour into the frost layer
and thermal conduction inside the layer. Only one part of the water vapour flux which
transfers from the air stream has been deposited on the frost surface and increases the frost
thickness. The other part of the water vapour flux enters e the frost layer and thus increases its
density.
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Figure 2. Governing equations and boundary conditions on a domain of numerical calculation
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The frost layer growth rate is defined as follows:
dy, 1 . 1.
20 T m o =—(m. —m.. 1
dt P Ay P4 ( a dlf) ( )
The total mass flux of water vapour transferred from air to the frost layer surface and the mass
flux which enters into frost layer by diffusion are defined respectively as follows:

ma=pa-D-d—W, dlp/p.) (2)
dy dy
The above-mentioned water vapour mass fluxes have been calculated for every time step,
following the calculation of the velocity, humidity, temperature and density fields. These
values of water mass fluxes are used to calculate the frost growth rate. Then the overall heat

transfer coefficient and, consequently, the exchanged heat flux have been obtained.

Mgt = =P * Degr

The specific heat and effective thermal conductivity of the frost layer depend on frost density,
porosity and effective diffusion coefficient. They have been calculated accordingly [8, 11,
12], using following terms:

k, =0.132 +313-10" p, +1.6-107 p,° 3)
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The overall heat transfer coefficient related to a segment of the fin-and-tube heat exchanger

shown on Fig. 3, has been calculated using
-1

U- L + 2 ©)
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Afin Ufin
where Uy, and U ;. denote overall heat transfer coefficients for the fin and pipe of the heat
exchanger respectively and have been calculated using the following equations:
U, = L 7
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The instantaneous exchanged heat flux on the total surface area of the heat exchanger has

been calculated using
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For a limiting case, when the refrigerant temperature is assumed to be constant
(approximating the evaporator) the expression for the instantaneous exchanged heat flux
becomes
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A detailed description of the numerical approach has been given in previous works (Lenic et
al. 2008.; Lenic, 2006).
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Figure 3. Elementary segment of fin-and-tube heat exchanger

A typical cycle of a chiller operation when working under frost formation conditions is shown
on Fig 4. When the chiller operates under frost growth conditions, a reduction in the
exchanged heat flux at the evaporator side occurs. After some time of device running, it is
necessary to provide the defrosting process in order to restore the nominal exchanged heat
flux. Defrosting is often very inconvenient, because long defrosting periods can result in
undesirable condition changes in the cooled space. After a cooling time tc, there follows the
time used for defrosting tp. In the presented analysis it is assumed that defrosting heat is
supplied by a constant heat flux. The total duration of whole cool-defrost cycle tcp is the sum
of cooling and defrosting times. The nominal exchanged heat flux Q, is provided only at the
beginning of a cooling cycle, when there is no frost on the heat exchanger fins. The
exchanged heat flux at the evaporator side decreases as a result of frost layer growth and
increase of thermal resistance. The average exchanged heat flux during the cooling period has
been calculated using

Qc =+ [Qlt)a (11)

C tc

During the defrosting process, it is necessary to provide a sufficient amount of heat for
melting the whole frost layer. There are several types of defrosting techniques. The overview
of defrosting types has been given in Table 1 according to Sanders (1977). Moreover, three
types of control procedures have been used to control the defrosting process: Time-Initiated-
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Time-Terminated, Time-Initiated-Temperature-Terminated and Time-Initiated-Pressure-
Terminated defrosting control.

Q

teo

Figure 4. The typical cycle of a chiller operation during frost formation conditions

In the presented mathematical model, when modelling the defrosting process, it is assumed
that the heat for defrosting is supplied from the refrigerant side i.e. from the fin side. It is also
assumed that the process occurs with a constant defrosting heat flux. During the mathematical
modelling the entire defrosting process is divided into two phases, which differ mainly by the
heat transfer. In the first phase, the temperature of the frost layer and fins changes up to the
melting temperature of water (0 °C). During the second phase, melting of the frost layer takes
place. Through mathematical modelling of these two phases, the minimal heat for the
defrosting process can be calculated. The minimal heat for defrosting in an ideal case,
ignoring the thermal capacity of the heat exchanger, amounts:

QD = QD,min = jQD(t)dt =m ‘Cp,ﬂ 'Tg + My - Qe (12)
tp

As the defrosting process consumes energy and influences the cooling supply continuity, it is
important not to continue the defrosting longer than is absolutely necessary.

The effective cooling output has been significantly affected by air humidity i.e. frost growth
rate. It has been significantly influenced by the defrosting process also. The calculation of the
average exchanged heat flux therefore includes a period of cooling and a defrosting period.
The average exchanged heat flux i.e. effective exchanged heat flux in the heat exchanger,
during the whole cycle, has been defined as

[O)dt - [Qy(t)c

tc +1,

aco = (13)

3. NUMERICAL CALCULATION AND VERIFICATION

In order to determine the instantaneous exchanged heat flux, a detailed calculation of
boundary layer has been performed. The governing equations which describe boundary layer,
presented in Fig. 2, are discretised using the control volume method. To avoid a physically
unrealistic pressure field in the air subdomain, staggered grids for velocity components have
been used. The convection-diffusion terms have been discretised using a power-law scheme.
An iterative procedure has been used to solve the resulting set of linearised discretised
equations. For the time-stepping numerical treatment, a fully implicit method has been used.
A SIMPLER algorithm for the velocity-pressure coupling has been applied (Patankar, 1980;
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Versteeg and Malalasekera, 1995). After calculation of temperature and velocity fields as well
as frost thickness, the overall heat transfer coefficient on the heat exchanger has been
computed, according to equations (6)-(8). Subsequently, the instantaneous exchanged heat
flux has been computed for every time step. The algorithm has been implemented in a self-
written Fortran code and solved on a personal computer. When the calculation procedure
reaches the end of the cooling period, the defrosting period has been simulated consequently.
The calculation of heat needed for defrosting is based on the previously calculated amount of
frost layer. The whole calculation procedure has been show in a block diagram on Fig. 5. The
validation of the computational procedure has been performed by comparison of numerical
results with experimental data. The validation has been performed by simulating several sets
of experimental conditions. A detailed description of testing equipment and experimental
validation has been given in (Lenic et al. 2008.; Lenic, 2006).

Setting the inlet parameters and initial conditions

t=0

Numerical calculation of temperature, velocity and
humidity fields in the air subdomain as well as
temperature and density fields in the frost
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Figure 5. Block diagram for the calculation of the effective exchanged heat flux
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Table 1. The overview of defrosting methods

Heat supply from refrigerant side I
(through the fins) Heat supply from air side
Hot gas Hot liquid Electrical .| Spraying
refrigerant | refrigerant Siec;;ld;:aym heating OC:):]%,[S 'g?:e A with water
defrosting | defrosting PIpe sy elements or brine

4. CALCULATION RESULTS
4.1. Instantaneous exchanged heat flux

The calculation has been performed for the fin-and-tube heat exchanger with the following
geometrical characteristics: fin thickness 0.001 m, space between fins 0.006 m, fin width
0.048 m, total number of pipes 189, total number of fins 210, heat exchanger surface 18 m?,
longitudinal pipe distance 0.016 m, transversal pipe distance 0.014 m, outer pipe diameter
0.01 m and inside pipe diameter 0.008 m. A set of numerical calculations has been performed
in order to evaluate the influence of operating conditions on instantaneous exchanged heat
flux. The results of many calculations have shown that the influence of air humidity on frost
layer growth rate and thus on instantaneous exchanged heat flux is substantial. Time-wise
variations of instantaneous and nominal heat flux ratio during frost formation for different
inlet air humidities are shown on Fig. 6. Nominal heat flux is exchanged when all fins and
pipes of the heat exchanger are clean, i.e. without any frost layer. If the heat exchanger
operates in frost growth conditions, as a result of additional thermal resistance, the exchanged
heat flux will be lower. Frost layer growth is more intensive under higher air humidities
because of the higher gradient of air humidity near the frost surface in the boundary layer.
Consequently, higher frost growth rates lead to an intensive decrease of the exchanged heat
flux. For example, if the inlet air humidity is 2 g/kg, after three hours of operation, the
exchanged heat flux is reduced by about 28 % regarding nominal heat flux. If the inlet air
humidity is higher, for example 4 g/kg, 36 % heat flux reduction occurs.

0 T T
0 1 2 t(h) 3

Figure 6. Time-wise variations of instantaneous and nominal heat flux ratio during frost
formation for different air humidities (T4, = 12 °C, Uxin=1 m/s, T =-12 °C)

4.2. Different duration of the cooling period

It is not always easy to choose correctly the starting moment of the defrosting cycle. The
defrosting process is an energy consumption process. Moreover, it causes the discontinuous



Energy and the Environment (2012) 75-89 83

production of cooling energy since the device does not produce any cooling output during
defrosting periods. Therefore, it is important to perform the defrosting process only when it is
really necessary. The frequency of defrosting cycles is usually preset i.e. the device runs a
defrosting cycle after some period of working time, regardless of the real frosting condition.
During such an operating mode, some too large or too short cooling periods might be
unwontedly obtained. The cooling period could have an inadequate duration, considering
optimal energy consumption and adequate cooling power supply. If the device works under
operating conditions which are favourable for frost layer growth, in some cases of intensive
frost growth, too large cooling periods might be obtained. This leads to a decrease of the
mean exchanged heat flux under the tolerable limit, Fig. 7a. From the other side, too short
cooling periods lead to a decrease of the mean exchanged heat flux also, because in this case
the defrosting cycles have been performed too frequently, Fig 7b. Furthermore, frequent
performing of the defrosting cycle causes unwanted break-downs of the cooling supply.

For the above-mentioned reasons, the importance of selecting the optimal duration of a
cooling period is evident. Optimal duration of a cooling period will provide the best possible
cooling output considering, at the same time, rational energy consumption.

Bearing in mind this primary aim, the simulation of a heat exchanger acting as an evaporator
has been investigated numerically. The operation of a heat exchanger has been simulated for
different cycle durations, different heat fluxes supplied during the defrosting process and for a
variety of operating conditions. Only part of the results has been presented. Variations of
exchanged heat flux during operation under different operating conditions and for different
cycle duration have been evaluated. The time-wise exchanged heat flux variations for
different cycle durations of 1, 2 and 3 hours and for constant defrosting heat flux of 0.6 kW
have been shown on Fig. 8. The defrosting heat flux has been denoted as a negative value on a
vertical axis. For the presented operating conditions, when shorter cycles are applied, the
average exchanged heat flux of cooling period and the average exchanged heat flux of whole
cycle are higher in comparison with cases when longer cycles have been used.
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Figure 7. Too large (a) and too short (b) cooling periods
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4.3. Optimal duration of a cooling period

Some recent experimental investigations have shown that the overall efficiency of the
refrigeration device could be changed for 10-15% by manual adjustments of various operating
parameters relating to the defrosting cycle. One of the investigated parameter was the
temperature of the refrigerant used for defrosting, which influences the defrosting duration.
The second influencing parameter was defrosting frequency. The aim of the analysis
presented in this paper is to provide a controlling algorithm where the defrosting frequency
will be defined by actual frosting conditions instead of preset periods of working time.
Results obtained just offer a possible solution to the problem. Using the developed computer
program, it is possible to set optimal duration of the cooling cycle, depending on operating
parameters such as air humidity, air temperature, fin temperature and air velocity. By analyses
of several cases with different operating parameters, the analytical correlations have been
obtained. The correlations can be used for prediction of necessary duration of the cooling
period depending on required average heat flux during the cooling cycle. With such
correlations it is possible to determine the starting moment of the defrosting cycle.

: . 6 ,
Qo Q 1 \\EQO
Q I 3 :i EE :5
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H & T I
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1 T T T '1 T T T 1 T T T
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
t(h)
(a) (b) (c)

Figure 8. The time-wise exchanged heat flux variations during operation for different duration
of the cooling cycle (Q, = 0.6 KW, Uyin =1 m/s, Tain = 12 °C, T = -12 °C, Wi, = 6 g/kQ):
(@) tc=3h; (b) tc=2 h; (c) tc=1h

Hereafter, a few examples of implementation of the results have been presented in the form of
diagrams. A diagram for the estimation of the maximally allowed duration of the cooling
period depending on desired effective cooling output i.e. depending on the ratio of average
and nominal exchanged heat flux, has been shown on Fig. 9. The results shown on the
diagram have been calculated for different air humidities with defined values of air velocity,
air temperature and fin temperature. For required average heat flux, the longest duration of
cooling period can be determined, based on real frost growing conditions.

For example, if required average heat flux should amounts 70 % of the nominal heat flux, the
period of cooling could last a maximum of 3 hours, when air humidity amounts 4 g/kg. If the
air humidity is higher and amounts 6 g/kg, the period of cooling have to be shorter and the
defrosting cycle should be applied after 1 hour of interrupted cooling operation. In this second
case, the period of cooling should be shorter because higher air humidity causes intensive
growth of frost layer as well as a reduction of the exchanged heat flux on a heat exchanger.
Moreover, the defrosting cycles have to be performed more frequently.
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Figure 9. Maximally allowed duration of the cooling period depending on required ratio of
average and nominal exchanged heat flux for different air humidities
(UX'in = 1 m/S, Ta’in = 12 OC)
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Figure 10. Maximally allowed duration of the cooling period depending on required ratio of

average and nominal exchanged heat flux for different air temperatures
(uxin=1m/s, wi, = 2 g/kg)

The influence of air temperature has been also analysed. A diagram which can be used for
selection of the maximally allowed duration of the cooling period for different air
temperatures and for the air humidity of 2 g/kg has been presented on Fig. 10. The maximally
allowed duration of the cooling period can be selected depending on required ratio of average
and nominal exchanged heat flux. It can be noted that it is possible to obtain longer cooling
periods under the lower air temperatures as opposed to the case with higher air temperatures.
That is because the process of frost formation has been more intensive under operating
conditions with higher air temperature, in the specific temperature range. If required average

heat flux should amounts 80 % of the nominal heat flux, i.e. Q./Q,=0.8, the maximally

allowed duration of cooling period is 2 hours with air temperature of 12 °C. If the air
temperature is 0 °C, under the same other operating conditions, the allowed duration of
cooling period can be 2.6 hours. Hence, in presented case, it is possible to obtain 0.6 hours
longer cooling period if air temperature has been reduced by 12 degrees. This influence of air
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temperature on maximally allowed duration of cooling period is not as significant as the
influence of the air humidity.

The influence of air velocity on maximally allowed duration of cooling period for given heat
flux ratio has been shown on Fig. 11. The diagram has been given for operating conditions
with air humidity 4 g/kg and inlet air temperature of 12 °C. For the analysed operating
conditions, the influence of air velocity is practically insignificant.

35
te ()
3

0 T T T
0.6 0.7 0.8

09_
Qe /Q,

Figure 11. Maximally allowed duration of the cooling period depending on required ratio of
average and nominal exchanged heat flux for different air velocities
(Tayin = 12 OC, Wm = 4 g/kg)

5. CONCLUSIONS

Using an algorithm presented in the paper, it is possible to control the operating cycles of the
device in an optimal manner by monitoring the operating conditions. The algorithm allows
determining the optimal duration of the cooling cycle, depending on required average heat
flux. Accordingly, unnecessary defrosting cycles can be avoided as opposed to the case with
preset time-initiated defrosting control method. Moreover, cooling periods with unacceptable
reduced exchanged heat flux, caused by thicker frost layer, can be avoided too. By
monitoring the real operating conditions, which can be continuously measured, it is possible
to control the operating process in the optimal way, considering the electrical energy
consumption, quality and stability of delivered cooling or heating output.

For this purpose, a two-dimensional mathematical model of heat and mass transfer on a fin-
and tube heat exchanger has been developed. The calculation of exchanged heat flux on a heat
exchanger has been performed by detailed calculation of frost thickness and density, as well
as air velocity, humidity and temperature in the boundary layer. Several cases with different
operating conditions have been analysed and the results have been used to define the
correlations for determining the optimal duration of the cooling cycle. The developed
mathematical model and self-written computer program can successfully be used to predict
the real behaviour of chillers operating under frost forming conditions.
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6. LIST OF SYMBOLS

AA,.  fin surface area of the elementary segment (m?)
AA,  air side fin surface area of the elementary segment (m?)

AA,,  average area (between AA;, and AA; ;) at the middle of frost layer thickness (m?)
AA,.. pipe surface area of the elementary segment (m?)

AAy e T side pipe surface area of the elementary segment (m?)

AA,,. average area (between AA . and AAy ... ) at the middle of frost layer thickness (m?)

AA, refrigerant side pipe surface area (m?)

a coefficient in linearised relationship of saturated air enthalpy and air temperature
(hyy =a-T+b=1.4204-T +10.205) (J kg™ K™

specific heat capacity under a constant pressure (J kg™ K™)

mass diffusivity (m?s™)

convective heat transfer coefficient (W m? K™)

thermal conductivity (W m™ K™

length (m)

mass (kg)

water vapour mass flux (kg m?s™)

water vapour mass flux from air towards frost layer (kg m?s™)

pressure (Pa)

heat (J)

heat flux (W)

specific heat (J kg™)

supersaturation degree

distance between fins (m)

temperature (°C)

time (s)

overall heat transfer coefficient (W m? K™
x-velocity component (m s™)

y-velocity component (m s™)

specific thermal resistance (m? K W™)
mass fraction of water vapour in air (kg kg™)
coordinate (m)

coordinate (m)

o5

SXEsEFCTHY ®2 500 333 -XTOUL

Greek symbols

& porosity

n efficiency

7 dynamic viscosity (Pa s)
p density, kg m™
Subscripts

a air

c cooling period

cD cooling-defrosting period
D defrosting period

diff related to diffusion into frost layer
off effective
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fin related to fin

fl frost layer

s frost surface

i ice

min minimal

mt melting

pipe  related to pipe
R refrigerant side
s fin surface

in inlet

sat saturated

sub sublimation

tot total

v water vapour

Ay related to layer thickness increasing
0 initial value, nominal value
1 inlet side

2 outlet side

o free air stream

Superscripts
value at the beginning of the process
average value
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MOGUCNOST ADAPTIVNOG UPRAVLJANJA PROCESOM
HLADENJA I RAZLEDIVANJA U OVISNOSTI O UVJETIMA
NASTANKA LEDENOG SLOJA NA ISPARIVACU

Sazetak: U radu je provedena analiza rada uredaja u uvjetima nastanka ledenog sloja na
isparivacu topline. Rezultati numerickog rjesavanja matematickog modela izmjene topline i
tvari u granicnom sloju, koristeni su kao temelj za proracun efektivnog izmijenjenog
toplinskog toka u isparivacu. Analizirano je nekoliko slucajeva razlicitih ulaznih pogonskih
parametara Sto je rezultiralo odredivanjem korelacija kojima se moze odrediti optimalno
trajanje ciklusa hladenja. Predstavljeni rezultati mogli bi se iskoristiti kao pomoc pri
upravljanju uredaja u svrhu boljeg iskoristenja rashladnog ucinka uredaja. U predlozenom
algoritmu, prilikom upravljanja uredajem, pocetni trenutak procesa razledivanja odreduje se
temeljem trenutnih pogonskih uvjeta kao Sto su temperatura, vlaznost i brzina zraka te
povrsinska temperatura isparivaca.

Kljuéne rijeci: lamelni izmjenjivac topline, proces razledivanja
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