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ABSTRACT

A quasi-steady finite-volume model was developed for modeling a plain-fin-
round-tube heat exchanger under frosted conditions. In this study, the heat and mass
transfer characteristics of heat exchangers during frost formation process are analyzed
numerically. Unsteady heat and mass transfer coefficients of the air side, heat transfer
coefficient of the refrigerant side, frost layer thickness, the surface efficiency of the
heat exchanger and the mass flow rate of the frost accumulated on the heat exchanger
surface are calculated. The total conductivity (UA) and pressure drop of the heat
exchanger are reported for different air inlet and refrigerant temperature. Results have
shown that frost layer growth is faster with lower inlet air temperature. Using the
developed mathematical model, the algorithm and the computer code, which have
been experimentally validated, it is possible to predict a decrease of exchanged heat
flux in the heat exchanger under frost growth conditions. The model could be further
extended to simulate direct expansion evaporators with varying operating conditions
and variable heat exchanger geometry.

Keywords: Finned Tube; Modeling; Frost Formation; Heat Transfer; Mass Transfer.

ciile § 93 g lua Jila o adiall gai G sl A dal
Ladal)
i Chy s ad d ge caile 93 (5l A dalae A dail AUl o saall 45y )l aladiil o3
AR 5 all Jaluall 3 ) yal) g AUSH JUan) pailiad dalad o3 Al all oda 3 4o aidiall
po) o) el B jate puad) ALY 45 ) jal) JlE) G labee Glus &5 LS aile atiall () oS5 Aglae
A 5305 Jamas sl ool Jobadll mhass 3LiS 5 ay yall aila cailad 3 ) sl Jliiil Jaloa s
Lzl b 5 (UA) e sill S Jalaadl IS5 5 ) pall doball gl e oS) jidll aiuall
2By oyl il QS5 Jalall o) sl Adlina 5 )l il o die Ll o (5 ) yal) Jalaall
G.Au)ggu:\e:\_ds\ﬂ\c\).@J\'&J\)AZ.;)AEJL})MQtw\ﬁéﬂ\ﬁ,\kd\éﬁﬂ\ﬁ‘)@\
AR (e 2 g 38y Aoleal) ) a4 e die adllad il A 5 Lualy ) Alall Jiall o guls
iall gai gyl a5 ) all daluall 5 ) jall Ul Jare 8 Glaiilly sl (Saall (e 43)
o) Cagpda 5 ae 3 ydlaall daail) il Haie Gilva Jacil aoity o) S el 23 5aill
(Al Jalaall gl (KA s SIS

215
https://doi.org/10.30684/etj.32.1A.16
2412-0758/University of Technology-Iraq, Baghdad, Iraq
This is an open access article under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0




. & Tech. Journal , Vol.32,Part (A), No.1, 2014 Modeling the Behavior of Frost Growth on
Finned Tube Heat Exchanger

NOMENCLATURE

A fin surface area [m?]

A, inner surface area of evaporator [m?]

Anin Minimum air flow area [mz]

A, total heat transfer area [m?]

cp specific heat of air at constant pressure [kJkg'K™]

D diameter[m]

f friction factor [-]

Grmax Maximum mass flux [kg m?s™]

ha Air side heat transfer coefficient [W m_2 K_1]

hr refrigerant heat transfer coefficient [W m? K]

j Colburn’s dimensionless heat transfer coefficient

ki thermal conductivity of frost [(kW m™ K]

k. Thermal conductivity of air [W m™ K]

Le Lewis number[-]

my, frost deposition rate [kg s]

Mair air mass flow rate [kg s™]

my fin parameter[-]

Nsn number of fins [-]

Pr  Prandtl number [-]

Q load [kW]

Re Reynolds number [-]

S, longitudinal tube spacing [m]

St transverse tube spacing [m]

t time [s]

T temperature [°C]

UA the overall heat transfer coefficient of heat exchanger [W m? K]

w air absolute humidity [KQwater/KGair]

W width of heat exchanger [m]

Greek symbols

S frost thickness [m]

AP Air side pressure drop [Pa]

Ahgq enthalpy of formation of ice

pi density of ice [kg m™]

pr: density of frost [kg m™]

p. density of air at air flow outlet [kgm™]

pi density of air at air flow inlet [kg m™]

pm density of air calculated at average
Temperature of air inlet and outlet [kg m™]

Pice iC€ density [kg m?]

ns fin efficiency

ns surface efficiency

o minimum flow area/face area

Subscripts

a, air

amb, evaluated at ambient air temperature
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av, evaluated at average inlet and outlet conditions
average averaged over the entire heat exchanger
dry, corresponding to unfrosted conditions

fr, frost

in, inlet

max, maximum

o, overall (fin and tube)

out, outlet

r, refrigerant

sens, sensible

si, base of the fin (i.e. tube outer surface)

so , frost surface (fin or tube)

th ,thickness

INTRODUCTION
oist air passes over a surface at temperatures below the dew temperature of
the air, some of its vapor content will be condensed on the surface. If the
surface temperature is below the 0°C, vapor will be deposited first as water
droplets which subsequently freeze and, if the temperature is less than about -50C, a
porous structure of ice crystals forms. This layer of ice crystals is known as frost.

Frost growth on heat exchanger surfaces reduces the airflow through the heat
exchangers and increases the air pressure drop through heat exchangers. Eventually,
after many hours of frost growth, the airflow path can become nearly or completely
blocked.

As a result of the frost accumulation, refrigeration systems currently used in the
industry are often oversized by about 50% compared to the case where no frost is
grown, while the average energy input is 25% greater than the same system with no
frost accumulation [1] .

The design and thermal selection of the heat exchangers have been extensively
studied by Kakac et al. [2,3].

Sahinl [4] and many other researchers noticed a linear relationship between frost
height and time for the crystal growth stage. As a result, many linear growth models
have been developed to explain early growth. One such model predicts the thermal
conductivity of developing frost Sahin2 [5]. The frost is modeled as individual ice
crystals that grow as columns. Thermal conductivity is given as a function of cold
plate temperature, air temperature, Reynolds number, and absolute humidity.

Chen et al. [6,7] developed a more detailed numerical model to simulate frost
growth on plate-fin heat exchangers for typical freezer conditions. Recently there
have been more studies on ways to improve the performance of plate-fin - round-tube
heat exchangers typically used for refrigerators and heat pump air conditioners under
frosted conditions Ogawa et al.[8]. Recently, Seker et al.[9] presented a semi-
empirical model to simulate frosting in commercial refrigerators. Although their
numerical model simulates heat and mass transfer equations similar to those used by
Verma et al.[10], it was semi-empirical and developed for refrigerators.

The model in this paper employs a finite volume and quasi-steady approach. The
finite-volume approach helps overcome the scarcity of heat transfer and pressure drop
correlations for fin-and-tube heat exchangers used in domestic refrigerators working
under forced convection. The mass and heat transfer laws were used to predict the
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frost growth characteristics. It is possible to extend available correlations and apply
them to finite volumes without making too many assumptions. Also use of the finite
volume technique makes it possible to model local frost deposition within the heat
exchanger.

MODEL STRUCTURE AND ASSUMPTIONS

Figure (1) shows a schematic of a plain-fin-tube heat with aluminum fins and
copper tubes. The dimensions of the heat exchanger are 500mm width, 100 mm
height and 50mm depth, while the other specifications are listed in Table (1). It has
six tube rows along the airflow direction and seven cross counter flow refrigerant
circuits perpendicular to the airflow direction. The frost formation process involves
simultaneous heat and mass transfer during varying thermophysical properties. This
process is very complex. Some assumptions were made, to simplify the analysis:

1. Frost distribution is homogeneous over the heat exchanger.

2. Problem is assumed to be quasi-steady-state.

3. Only one dimensional heat and mass transfer over the heat exchanger is assumed.
4. Frost thermal conductivity varies only with frost density.

5. Radiation heat transfer between moist air and frost layer is negligible.

This assumption eliminates the need to model the complex early crystal growth
period. The effect of frost surface roughness effect on the surface area is also
neglected because it is significant only in the early stage. Also to speed convergence
of the numerical solution, only the leading edge finite volume is assumed to contain a
superheated segment.

Table (1) Geometric specifications of heat exchanger.

Fin thickness, m 0.001
Space between fins, m 0.010
Fin width, m 0.048
Number of circuits 7
Numb Number of rows 6
Inner diameter of tube, m 0.008
Outer diameter of tube, m 0.01
Longitudinal tube spacing, m 0.016
Transverse tube spacing, m 0.014

NUMERICAL MODEL

Figure (2) shows a fin and tube surface covered with frost. The heat transfer
modeling of the conduction through the frost is done by considering a lumped model
(Verma et al. [10]). For each tube and fin segment, the one-dimensional sensible heat
transfer rate equation was solved simultaneously with the air-side energy equation
using the local properties of the moist air. The total (sensible plus latent) heat transfer
was determined by solving simultaneously the equations for conduction through the
frost layer, heat transfer from the tube to refrigerant and refrigerant-side energy
equation.

Time-dependent performance was approximated by a quasi-steady process where
calculations at one time step served as inputs for the next as shown in Figure (3). The
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results from each 2-min time step (i.e. frost thickness) were used to update the heat
exchanger geometry (fin thickness, tube diameter) for the next. Experiments by
Carlson et al. [11] showed that the choice of 1 or 3 min had less than a 1% effect on
the simulation results. Details of the solution algorithm outlined in Figure (3) are
described below.

P
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(a) Pictorial view (b) Top view

Figure (1) Schematic representation of heat exchanger.

Air In

S Y Refrigerant - — - —f —

Figure (2) Frost formation on fin and tube.
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____________________________

( Tube and fin ]

Refrigerant

Figure (3) Structure of the model.

SEQUENCE OF CALCULATION
Air-side heat transfer coefficient
Kim correlation [12] is used to calculate the heat transfer coefficient, due to the

range of geometric and operating parameters involved in this study.

ha= j.Guex.Cpra-Pr™"? .. ()
Where,
0.106 X .
j =0.16 Re 3% St (S_FJOOBTS_TJO " ... (2
S, D D

Air- side pressure drop
Air side pressure drop is calculated by a correlation suggested by Kays and

London [13],

AP, :cia?[(u 02{&—1j+ f.i.ﬂ} .. (3)
2.p| L A’nin Pm

The friction factor contributions due to the fins and tube bank of the heat
exchangers are used following Kim et al. [12]as,

_0.365 —0.131 0.122
4 (S_Fj (S_Tj ... (4)
D D

Refrigerant side heat transfer coefficient
Gnielinski's [14] correlation for fully developed turbulent flow in a circular tube

was used,

L

f =1.4356 ReDO'SZB(z—Tj

_ (f/8)(Re—1000) Pr ©)
C1+12.7(f /8)Y2(Pr¥’*-1)
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.. (6)

Fin surface efficiency and the overall heat transfer coefficient
The fin surface efficiency is calculated using the Incropera and Dewitt [15],

7, =1 A t-7,) (7)
s — =+ . \+ /[f
A,
Karatas [16] used the finite element method to solve this problem and correlated the
fin efficiency as,
nr = -3.429.m*+6.457m3-4.308m?+0.736.m+0.949 ...(8)

Where m, dimensionless fin factor is defined as,

2h,
m= [——2& ... (9)

kfin":in(h

The overall heat transfer coefficient of the evaporator can be calculated as,

UAOZ( L 1 | O ] ... (10)

+ +
ns'ha'Ao hIAI I(fr'p‘o

Heat and mass transfer

Within each finite volume a set of simultaneous equations as follows quantify the
energy and mass transfer rates from moist air to the refrigerant through the frosted
fins and tubes. The cross-counter flow configuration links all these non-linear
equations into a larger simultaneous set.

Qsens,fin=haAo(Ta,av_Tso,f) ven (11)
Qsens,tube=haAo(Ta,av_Tso,tb) e (12)
Qsens=Qsens,fin+Qsens,tube e (13)
Qsenszmair Cp,a(Ta,infTa,out) oo (14)
Qlat,finszr,fin Ahsg e (15)
Qlat,tubeszr,tubeAhsg v (16)
QlatzQIat,fin'l'Qlat,tube . (17)
inansens,fin"'Qlat,fin cee (18)
Qtube=Qsens,tube+QIat,tube cee (19)
Qtr fin=Qfinsi ...(20)
Qiin=Qrsit Qi ... (22)

i (TSO Ue_Tsi) ... (22
Qtube = kfr,tubeZNtubeﬂ(Vv — N finl:lnth) [ ( ( )

)

Qtotaleﬁn"'Qtube . (23)
QtotaI:hrefAr(Tsi_Tr,av) ven (24)
QtotaI:Qsens+Qlat=mrefcp-r(Tr,in_Tr,out) e (25)
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The mass transfer rate is calculated by solving simultaneously the continuity and
the one-dimensional mass transfer equations for fins and tubes separately for each of
the finite volumes.

Me = Mair (Win — Wour) ... (26)
Mi = (ha X Le?3/ep,a )% Ao X( Way — Weo) .. (27
Frost density

Hayashi [17] empirical correlation is used to determine frost density when the

frost surface temperature is below freezing.

pr=650e"4"T ...(28)

The lower limit of —10°C is not encountered when in modeling medium
temperature display case evaporators for reasonable run times. However, to ensure
robustness of the Newton—Raphson solution algorithm, a constant frost density is
assumed below —10 °C. The more serious limitation of this correlation arises when
the frost surface temperature rises to freezing temperature (0 °C), for a particular
finite volume. This leads to repeated cycles of melting and refreezing, (Raju and
Sherif [18]). The complexity of the structural changes of the frost along with the lack
of definitive literature forces a simplifying assumption. For any finite volume where
the frost surface temperature reaches the freezing point, Hayashi's correlation predicts
a value of 650 kg/m®, which is lower than the density of ice at 0 °C (920 kg/m®). In
this model the frost density is assumed to increase as water seeps continuously into
the porous frost layer, continuously increasing its density to that of ice while the frost
thickness remains constant.

Frost conductivity

The thermal conductivity of frost was determined as a function of density by

employing the Yonko and Sepsy [19] correlation:

ke= (0.02422+7.214*10™p;+1.1797*10°p;,” )/1000 ...(29)

The correlation is limited to p<576 kg/ms. However, their correlation when
extrapolated to the density of ice predicts the actual thermal conductivity of ice within
10%, so it is used for entire range of frost densities encountered.

Frost thickness

The thickness of the frost layer was computed by dividing the accumulated frost
mass by the product of average frost density and surface area and neglecting any
variation of frost density normal to the frost layer.

O =M /( psr X Ao,dry) e (30)

Using the frost thickness, the heat exchanger geometry was updated and
simulations proceeded to the next time step as shown in Figure (3).

RESULT AND DISCUSSION

The present study proposes a mathematical model using correlations for the heat
transfer coefficients of the air-flow and a diffusion equation for the water—vapor in
order to predict the frosting behavior on a fin—tube heat exchanger. To establish the
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mathematical model, Table (2).shows the operating conditions that used in this study.
The frost deposition pattern depends on the geometry of the heat exchanger and
operating conditions.

Table (2) Parameters and their typical values
for running conditions.

-5, -10,-15

-20,-25,-30

60%
0.9
0.5

Effect of inlet air temperature on frost thickness, pressure drop and total heat
transfer coefficient

Three different air inlet temperature conditions were performed (-5,-10,-15) °C
to see the effects of the air inlet temperature on frost thickness ,pressure drop and
total heat transfer coefficient respectively as shown in Figures (4, 5, and 6). It can be
seen from these figures that increase in inlet air temperatures increases the total heat
transfer coefficient, air side pressure drop and frost thickness.

Effect of refrigerant temperature on frost thickness, pressure drop and total
heat transfer coefficient

Three different surface temperatures (-20,-25,-30) °C were investigated
numerically. As can be seen from these Figures (7, 8, and 9), the frost thickness, air
side pressure drop and total heat transfer coefficient increase for
Lower refrigerant temperatures.

Effect of inlet air temperature and refrigerant temperature on total heat
transfer load

The effect of inlet air temperature (-5,-10,-15) °C and refrigerant temperature
(-20,-25,-30) °C on total heat transfer (sensible and latent) from moist air to the
surface of fins and tubes heat exchanger were indicated in Figures (10&11). It can be
noticed from these Figures that the decrease in the capacity of the heat exchanger
with time for both cases.
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Figure( 5) The change of frost thickness of heat exchanger for different inlet air




Modeling the Behavior of Frost Growth on
Finned Tube Heat Exchanger

Air inlet temperature

Dl T T T T T 1
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TIME(hr)

Figure(6) The change of total heat transfer coefficient of heat exchanger for
different inlet air temperatures.
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=
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TIME(hr)

Figure(7) The change of air side pressure drop of heat exchanger for different
inlet air temperatures.
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Figure(8) The change of frost thickness of heat exchanger for different inlet air
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Figure(9) The change of total heat transfer coefficient of heat exchanger for
different refrigerant temperatures.
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Refrigerant temperature
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TIME(hr)

Figure(10) The change of air side pressure drop of heat exchanger for different
refrigerant temperatures.
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Figure(11) The change of total heat transfer load of heat exchanger for different
refrigerant temperatures.
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Figure(12) The change of total heat transfer load of heat exchanger for
different air inlet temperatures. Model validation of frost mass and thickness

The present simulation model is developed for heat exchanger that is commonly
used in supermarket refrigeration systems. Hence, the present quasi-steady state
model of the frost is validated against the experimental data taken by C.W.Bullard et
al. [20] for the case when the air inlet temperature (-10°C), the refrigerant temperature
(-25°C), and the air velocity (0.9m/s). Figure (12) compares the predicted frost mass
to that obtained from the experiment, the present model found to be agree well with
frost mass from literature in the applicable geometries. The validation of frost
thickness is illustrated in Figure (13) for the same literature [20] and for the same
operating conditions. The model predicted frost thickness has an error of 15% at the
beginning of frost growth as compared to that of the measured frost thickness.

CONCLUSIONS

This paper presented a mathematical model for fin and tube heat exchanger under
frosted condition based on various empirical correlations of heat transfer coefficients
and frost properties in order to predict the frost thermal conductivity and the amount
of frost mass accumulation. The model was capable of predicting frost thickness,
overall heat transfer coefficient and air side presser drop of heat exchangers. The
results of the proposed model accurately predicted the frost growth and heat transfer
rate and agreed well with the experimental data. This implies that the model can be
used to predict the thermal performance of a fin—tube heat exchanger with multiple
columns and rows.
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