EA= T

ELSEVIER

Available online at www.sciencedirect.com

sc.ENcE@p.“cT@

International Journal of Heat and Mass Transfer 49 (2006) 1472-1479

International Journal of

I'IEAT and MASS
TRANSFER

www.elsevier.com/locate/ijhmt

Modeling for predicting frosting behavior of a fin—tube heat exchanger

Dong-Keun Yang ?, Kwan-Soo Lee ™*, Simon Song °

& Digital Appliance Research Laboratory, LG Electronics Inc., 222-22 Guro3-dong, Seoul 152-848, Republic of Korea
® School of Mechanical Engineering, Hanyang University, 17 Haengdang-dong, Sungdong-gu, Seoul 133-791, Republic of Korea

Received 14 August 2005; received in revised form 6 September 2005
Available online 22 November 2005

Abstract

A mathematical model is proposed to evaluate the frosting behavior of a fin—tube heat exchanger under frosting conditions. Empirical
correlations of the heat transfer coefficients for the plate and tube surfaces and a diffusion equation for the frost layer are used to estab-
lish the model. The correlations for the heat transfer coefficients, derived from various experimental data, were obtained as functions of
the Reynolds number and Prandtl number. The proposed model is validated by comparing the numerical results with experimental data
for the frost thickness, frost accumulation, and heat transfer rate. The numerical results agree well with the experimental data. It is also
found that this model can be applied to evaluate the thermal performance of a common fin—tube heat exchanger under frosting

conditions.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Frost formation on the cold surface of a heat exchanger
operated under frosting conditions causes a decrease in the
air-flow rate and an increase in the frost surface tempera-
ture resulting in reduced thermal performance. Since frost
formation strongly affects the performance of a heat
exchanger for low-temperature applications, development
of a frosting model to predict the frost growth is required.

Previous studies on frost formation can be categorized
into two groups: one using a basic geometry, such as a flat
plate or cylindrical surface, and the other using a real heat-
exchanger geometry. For the first group using locally
simplified geometries, many experimental and numerical
studies have been performed under various frosting condi-
tions. Some of studies in this group investigated the heat
and mass transfer and frost growth on a cold plate and cyl-
inder surface numerically and validated the numerical
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models with experimental data [1-10]. Other studies pro-
posed empirical correlations for the frost properties after
performing experiments for various frosting parameters
[11-16]. Therefore, frost formation on flat plate and cylin-
drical surface is relatively well known and can be predicted
reliably with existing models and correlations.

Experimental studies have also been conducted for the
second group using heat exchangers for industrial and
domestic refrigerators. The studies in this group include
the effects of surface treatments on frosting behavior [17]
and the thermal performance of a heat exchanger under
various operating conditions [18,19]. However, analytical
studies for the thermal performance of a heat exchanger
[20-23] dealt with the frost formation phenomena too sim-
plistically by either proposing models without robust vali-
dations or using correlations for heat transfer coefficients
that were derived for a specific heat exchanger experimen-
tally. Therefore, it is undesirable to apply the results of
these studies to applications that a different shape of heat
exchanger is considered.

There is a strong demand for development of numerical
models to evaluate the thermal performance of heat
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Nomenclature
A area [m?]
BR blockage ratio [%]
p specific heat at constant pressure [J/kg K]
D mass diffusivity [m?%/s]
Dy, hydraulic diameter [mm]
d; inner diameter of the tube [mm]
G mass flow rate per unit area [kg/m” s]
heg latent heat of evaporation [J/kg]
hp heat transfer coefficient [W/m? K]
hm mass transfer coefficient [kg/m? s]
hgy latent heat of sublimation [J/kg]
k thermal conductivity [W/m K]
keew  effective thermal conductivity of frost [W/m K]
L length of the cooling plate [mm]
Le Lewis number, /D
] mass flow rate [kg/m? s]
" mass flux [kg/s]
Nu Nusselt number
Py fin spacings [mm]
Pr Prandtl number
0 heat transfer rate [W]
R radius of the tube [mm]
Re Reynolds number
T temperature [K]
t time [s]
W length of an infinitesimal tube [mm]
Wa absolute humidity [kg/kg,]
X quality of refrigerant
y frost layer thickness [mm]

Greek symbols
of absorption factor [s~!]
A increment

n fin efficiency

u viscosity [kg/m s]
o density [kg/m®]
Superscripts

t time

At time increment
Subscripts

a air

ave average

cond conduction

f frost

fin fin

fs frost surface
in inlet

1 liquid

lat latent

n number of tube
out outlet

r refrigerant

sen sensible

tot total

tube tube

\ vapor

w water—vapor

y frost thickness
0 frost density

exchangers. Although several studies have examined frost-
ing performance, they have been performed experimen-
tally, and most of the results are applicable only to
individual heat exchangers. An effective frosting model
for predicting the thermal performance of a fin—tube heat
exchanger has not been developed. Consequently, the pre-
diction of frost growth in a heat exchanger under various
operating conditions requires numerous prototypes of the
heat exchanger and experiments wasting time, effort and
cost. This results in an ineffective design process for heat
exchangers.

This paper proposes a mathematical model to predict
the frosting behavior on a fin—tube heat exchanger under
various frosting conditions. Frost formations are experi-
mentally studied on cold plate and cylinder surfaces to
derive correlations of the heat transfer coefficients. Exper-
iments for a fin—tube heat exchanger are also performed
to validate the model.

2. Experiments

Frosting experiments were conducted to derive correla-
tions of the heat transfer coefficients on cold plate and cyl-
inder surfaces with frost layers formed. In order to validate
the proposed model, the frosting rate, frost mass and heat
transfer rate were measured for simple (2-column and 2-
row) and typical (2-column and 8-row) fin—tube heat
exchangers. The geometric parameters of the heat exchang-
ers are shown in Tables 1 and 2.

The experimental apparatus consisted of a climate
chamber controlling the temperature and humidity of the
air at a constant value, a refrigeration section regulating
the temperature and flow rate of the refrigerant, a test sec-
tion where frost formation occurs, and a circulation section
controlling the flow rate of the humid air and connecting
each section of the apparatus. Each section of the appara-
tus was controlled individually [16].
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Table 1

Geometric parameters of a 2-column, 2-row fin—tube heat exchanger
Parameters Values
Fin width (mm) 60

Fin length (mm) 27

Fin thickness (mm) 0.2

Fin spacing (mm)

Row 1,2 20
Number of columns 2
Number of rows 2
Tube length (mm) 370
Outer tube diameter (mm) 8.0
Transverse tube spacing (mm) 27
Longitudinal tube spacing (mm) 30
Table 2
Geometric parameters of a 2-column, 8-row fin—tube heat exchanger
Parameters Values
Fin width (mm) 60
Fin length (mm) 27
Fin thickness (mm) 0.15
Fin spacing (mm)

Row 1,2 20

Row 3.4 10

Row 5.6 7.5

Row 7.8 5
Number of columns 2
Number of rows 8
Tube length (mm) 440
Outer tube diameter (mm) 8.5
Transverse tube spacing (mm) 25
Longitudinal tube spacing (mm) 30

The climate chamber had Pt 100 Q RTD sensors in a
dry/wet bulb thermometer to measure the temperature
and humidity of the air, and used the PID controller, hea-
ter, cooler, and humidifier to regulate the air temperature
and humidity. The refrigeration section consisted of a
refrigerator to cool the refrigerant and a pump to circulate
the refrigerant. The refrigerant was a mixture of ethylene-
glycol and distilled water in a mass ratio of 6:4. The air
temperature and humidity were measured at the inlet and
outlet of the test section by ten type-T thermocouples, a
thermopile, and humidity sensors. A blower with an inver-
ter was used to regulate the air-flow rate, and the rate was
measured using a nozzle-type flowrate meter. To make the
air-flow homogenous, honeycombs and air-mixing fans
were installed at the inlet and outlet of the test section.
In addition, insulation was attached to the surface of the
experimental apparatus to minimize the heat loss.

Before performing the experiments, the climate chamber
was operated to control the air-flow conditions. When air
conditions reached a steady state, the frosting experiments
were started by running the refrigerator and pump. The
experimental data for the air and refrigerant were recorded
every four second by a data recording system and a
computer.

Using the air-flow rate and the absolute humidity differ-
ence between the inlet and outlet of the test section, the
frosting rate was calculated as

mf = ma(wa,in - Wa,oul) (1)

The heat transfer rate of the air and refrigerant was esti-
mated from

for the air (2)
for the refrigerant (3)

Oior = M1aCpa(Tain — Taour) + Mighgy
Qtot = erpI(Tr,oul - Trin)

During the experiments, the energy balance between the air
and refrigerant was maintained within 5%, as stated in
ASHRAE Standard 33-78.
The heat transfer coefficients for the frost surface of the
cold plate and cylinder were calculated using:
7 macp,a(Ta,in - Ta.out)
hh Atot(Ta,ave - Tfs) (4)
Uncertainties of the experimental data were computed
by considering the bias error and accuracy of the used
equipments [24]. The uncertainties of the average frost
thickness, frost mass, heat transfer rate, and heat transfer
coefficient were estimated as 5.28%, 4.50%, 3.69%, and
5.07%, respectively.

3. Mathematical modeling and calculation procedure

This paper presents a mathematical model for predicting
the frosting behavior of a fin—tube heat exchanger and eval-
uates the thermal performance of the heat exchanger under
frosting conditions. To perform the numerical analysis, the
heat exchanger is divided into infinitesimal control volumes
in the direction of the air-flow, refrigerant flow, and the
normal to the flow plane. The assumptions in each infini-
tesimal control volume are as follows:

(1) The frost layers that formed on the fin and tube sur-
faces of each infinitesimal control volume are homo-
geneous, respectively.

(2) The frosting process takes place at a quasi-steady
state.

(3) The local frosting behavior at junctions of the fin and
tube is not considered.

(4) The heat transfer mechanism inside the frost layer
is conduction, and the effective thermal conductiv-
ity of the frost layer is a function of the frost
density.

3.1. Mathematical modeling

In order to predict the frost growth in the heat exchan-
ger, the modeling is performed on two parts separately: fin
and tube parts. Fig. 1 shows a schematic diagram of the
heat exchanger.
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Fig. 1. Schematic diagram of a general fin—tube heat exchanger.

Sensible and latent heat transfers between the surfaces
of the heat exchanger and the moist air inside the infinites-
imal control volumes are calculated as

Oen = Deensfin T Dsen,tube
= NginhnfinAsint (Ta — Trings) + AnsuveArubef(Ta — Truvess) (3
Orat = Qratfin + Qlat,ube
= Wﬁnﬁm‘ﬁnAﬁn.,f (Wa - Wﬁn,fS)hsv +Zm,lubeAtube,f (Wa - Wtube‘fs)hsv
(6)

where 75, is the fin efficiency defined by Schmidt [25]. The
mass transfer coefficients inside the infinitesimal control
volumes are computed using analogy between heat and

mass transfer:
_ I

L=

CpAaLez/ 3

(7)

The conduction heat transfer inside the frost layer that
formed on the fin and tube is calculated using

T'm. s T in
Ocond fin = Kt etrAfin g <L> (8)

Yin,f

Qcond,tube = znkfﬁffW (9)

Ttube,fs - Ttube
ln[(R + ytube,f)/R]

where the effective thermal conductivity of the frost layer is
determined as [26]

kper = 1.202 x 10*3p?.963 0

The heat transfer from the air should be balanced with the
conduction heat transfer in the frost layer that formed on
the fin and tube as follows:

Qcond,ﬁn = Qsen,fin + Qlat,ﬁn (1 1)
= Qsenmube + Qlat,lube (12)

The surface temperatures of the frost layer that formed on
the fin and tube are determined considering the energy bal-
ance at the frost surface:

Q cond,tube

_ _ r
fin/*h finifin,f £ a fin/tm finAfin f\ Wa — Wfin,fs ) /tsv feffAfinf
Ntin/th finAtint Ta + NiinFim inAtint (Wa — Wein g5 sy + K etr Apin g5
Thngs = —
’ ket Afinf 7
;, .m + rlfinhh,ﬁnAﬁnf
fin,f
(13)
T 7 2mky epp WT
h A T.+h A W, —w h teft T tube
r . h,tube</1tube,f at m,tube: tube,f( a tube,fs) SV+1“[(R+)’lubeI)/R]
tube,fs —

A A
(R e /R] T /P tubedd be f

(14)

This study uses a water—vapor diffusion equation in the
frost layer to predict the frost growth on the fin—tube heat
exchanger. Previous numerical studies of the frost forma-
tion on a simple geometry, such as a flat plate or cylinder,
used either a water—vapor diffusion equation [1,2,4] or a
correlation for the frost density [5,6]. In our case, the tem-
perature and humidity of the moist air varies along the
air-flow direction due to the frost formation although the
temperature and humidity of the air at the inlet of the heat
exchanger is maintained as a constant value. Fig. 2 shows
a schematic diagram of the temperature and humidity

T

out,2 » Wout, 2

|‘/Fln
Tube

I ||~

T;'n,Z s Win,2 Tout,l s Wout,1

t |

T;'n, 1 Win, 1

Fig. 2. Temperature and humidity variations in the air-flow direction.
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variation of the air. This variation requires a frost density
correlation for a broad range of experimental conditions.
Unfortunately, the frost density correlations proposed in
the previous studies do not consider the temperature and
humidity variation of the moist air in the flow direction.
Therefore, the following diffusion equation [2] is used in
the present study assuming that the amount of water—
vapor absorbed into a control volume inside the frost layer
is proportional to the water—vapor density

d’p,,
D 4\? = 0Py (15)

The water—vapor is transferred from the moist air to the
frost layer through the surface. The total mass flux that in-
creases the frost density and layer thickness can be ex-
pressed as

no__ " o " " "
my = mﬁn,f + mtubef - mﬁn,y + mﬁn,p + mlubeAy + mlubeAp
= nﬁnhm‘ﬁn(wa - Wfin‘fs) + hm‘tube (Wa - Wtube,fs) (16)

The mass fluxes increasing the frost density are given as

V=Vfin,f
"o
mﬁnvp - chpw dy
y

=0

Y=Ytube,f ( 1 7)

mi/ube,p = / Ol Py dy
y=0

The frost density and layer thickness on the fin and tube at

each time step are determined:

" "

m
+AL ¢ fin,p +AL _ t fin,y
Pring = Pring T At, Ying = Vg T At
fin,f Pfinf
" "
m m
+At it tube,p +At tube,y
Puabes = Pubefs T Al Viber = Vbes At
tube,f Ptube.f

(18)

The heat and mass balances at the inlet and outlet of an
infinitesimal control volume are as follows:

Osen = ”hacp‘a(Ta‘in - Ta,out) (19)
Qlat = ma(wa‘in - Wa,out)hsv (20)

The temperature and humidity at the outlet are obtained
using Egs. (19) and (20):

Tin,l = Tinv Tin72 = Tom,la Tin,3 = Tout,27 ey Tin,n = Tout,n—l
Win,1 = Win; Win2 = Wout,1, Win,3 = Wout,2 - - - » Winn = Wout,n— 1
(21)

The outlet conditions are used as the inlet conditions for
the subsequent control volume in the air-flow direction.

The state and phase of the refrigerant in the tube varies
due to the frost formation on the fin and tube. This varia-
tion causes the surface temperature of the fin and tube to
changes along the tube. Neglecting the thermal resistance
of tube walls, the heat transfer due to the air and refriger-
ant in an infinitesimal control volume should be balanced.
This balance can be expressed as follows:

Qtot = hrAtube(Ttube - Tr)
{ mrcp,r(Tr,out - Tr,in)y

mr (xr,out - xr,in)hfga

for single-phase region
for two-phase region

(22)

The correlations used to estimate the heat transfer coeffi-
cients are listed below:

(1) Single-phase region [27]

hed;
o = 0.023Re"* Py (23)

(2) Two-phase region(0 < x < 0.85) [28]

hud; 0.0265Rel*Pr{”*,  Reeq > 5 x 10* ”
ki | 5.03Re! PP, Reeq < 5% 10°
where
Reeq = Geqdi/ 1y
1/2 (25)
Geq = Gl + GV <ﬂ>
(3) Two-phase region(0.85 < x < 1.0) [27,28]
hrr: .85 T hrx: K
By = hyyyg + oo Tl (0 1.0) (26)

0.85-1.0

3.2. Calculation procedure

To predict the frosting behavior of a fin—tube heat
exchanger, numerical analyses are performed according
to the calculation procedure listed below:

(1) The heat exchanger is divided into infinitesimal con-
trol volumes in the direction of air-flow, refrigerant
flow, and the normal to the flow plane.

(2) The tube diameter, calculation time, time increment,
inlet air conditions, and temperature of the fin and
tube are given, and the initial surface temperature
and density of the frost layer on the fin and tube
are assigned.

(3) The frost mass, frost thickness, frost density, heat
and mass transfer coefficients on the fin and tube,
and effective thermal conductivity of the frost layer
are calculated using the properties at a film
temperature.

(4) The frost surface temperature of every infinitesimal
control volume is calculated.

(5) If a convergence condition for the frost surface tem-
perature in each infinitesimal control volume is satis-
fied, the calculation proceeds to the next time step. If
not, the calculation is iterated until the convergence
condition is satisfied.
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4. Results 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 mathematical model, the following corre-
lations are used:

T finL

Nug, = — 0.204Re"057 p1334 -
L
_ JinuneDn

mlube = = 0146R€%:17 H,,Z.844 (28)

a

where the heat transfer coefficients were obtained from
experiments.

400
T,.(C) wyu(kghke) u,,m/s) T,,(°C)
= Experiment 8 0.00404 1.0 -30
Numerical result
4300
)
T
{200 ;3
=,
4100
| =
[}
0 a 1 a 1 a 1 a 1 0
0 60 120 180 240
t , min

Fig. 3. Comparison of numerical results and experimental data for the
average frost thickness in a 2-column, 2-row fin—tube heat exchanger.

T,.(°C) w,,(kg/kg) u,;,(m/s) T,,(°C)
9F ® Experiment 8 0.00464 15 33 1900
Numerical result

600

3

m, g/min

300
L |

0 n 1 n 1 n 1 n 1

. 0
0 30 60 90 120 150

t, min

Fig. 4. Comparison of numerical results and experimental data for the
frost mass and frosting rate in a 2-column, 8-row fin-tube heat exchanger.

To validate the proposed frosting model, Fig. 3 com-
pares the numerical results with the experimental data for
the frost thickness on a 2-column, 2-row fin—tube heat
exchanger. The numerical results are in good agreement
with the experimental data although there is a slight dis-
crepancy in the initial time.

In general, a design of a heat exchanger under frosting
conditions requires an accurate prediction of the heat
transfer rate. Moreover, the frost mass should be estimated
accurately to determine the amount of heat required to
remove the frost. In order to evaluate the applicability of
the proposed frosting model, a numerical analysis was per-
formed for a 2-column, 8-row fin—tube heat exchanger.
Fig. 4 shows a comparison of the numerical results to
corresponding experimental data for the frost mass and
frosting rate. The numerical results agree well with the

1500 | T,.,(C) w,,(keg/kg) u,,(mis) T,,(C)
n 4, Exp) 8 0.00464 15 33
e g4, (Exp)
A g, (Exp)

Numerical result
1000
S
500

0 30 60 90 120 150

t, min

Fig. 5. Comparison of numerical results and experimental data for the
heat transfer rate in a 2-column, 8-row fin—tube heat exchanger.

5 250
Tu(C)  wou(kgkg) u,,m/s) T, (C)
8 0.00464 15 33

200

yj;ave » Imm

50

t, min

Fig. 6. Average frost thickness and density in the first and the seventh
rows of a 2-column, 8-row fin—tube heat exchanger.
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Table 3
Ratios of heat transfer area and average heat transfer rate in each row to the total values of a 2-column, 8-row fin—tube heat exchanger

Row 1 Row 2 Row 3 Row 4 Row 5 Row 6 Row 7 Row 8
Al Avor 0.063 0.063 0.107 0.107 0.135 0.135 0.195 0.195
Ouaven! Qave.tot 0.109 0.104 0.134 0.124 0.134 0.123 0.143 0.129

experimental data. The difference between the predicted
and actual frost mass at = 180 min is only 2.2%.

Fig. 5 compares the numerical results with experimental
data for the heat transfer rate. Despite a decreased air-flow
rate due to the frost formation, the heat transfer rate does
not vary significantly for the first 60 min because of the
increased heat transfer area and enhanced air-flow distur-
bance. The predicted latent heat transfer rate is in good
agreement, as implied in Fig. 4, but the sensible heat trans-
fer rate is slightly under-predicted around the 80-min time
point. Nevertheless, the overall numerical results for the
heat transfer rate agree well with the experimental data.

Fig. 6 presents the average frost thickness and density in
the first and the seventh rows of a fin—tube heat exchanger.
The frost growth at the first row is promoted by the high-
temperature moist air. On the other hand, the frost layer at
the seventh row along air-flow direction is very thin and
dense due to the low temperature and humidity of the air.

Fig. 7 shows average blockage ratios at each row of the
fin—tube heat exchanger at ¢t = 150 min. The blockage ratio
represents an extent of air-flow blocking between fins of a
heat exchanger and affects the thermal performance of the
heat exchanger because of its close relation to the air-flow
rate. According to the reference [17], the ratio is defined as

BR,.. =2 x (yf—) % 100 (29)
P

where yr,. and Py represent the average frost thickness
and fin spacing, respectively.

80
T.(C w,,(kefke) w,,mf T,0C)
8 0.00464 15 33
60 -
53
240
]
Q
20
0 1 1 1 1 1 1 1 1

Fig. 7. Average blockage ratios in each row of a 2-column, 8-row fin—tube
heat exchanger at t = 150 min.

As shown in Fig. 7, the blockage ratio is highest in the
seventh row. The air-flow passage in the seventh row with
a small fin spacing is quickly blocked by the frost layer
formed on the surface of the fins, decreasing the air-flow
rate and degrading the thermal performance of the heat
exchanger.

Table 3 presents ratios of heat transfer area and average
heat transfer rate in each row to the total values of the heat
exchanger. The heat transfer in the seventh and the eighth
rows is not efficient despite large heat transfer area. There-
fore, the thermal performance of the heat exchanger can be
improved by the proper adjustment of fin spacing. For
example, decreasing the fin spacing in the rows 1-4 and
increasing the spacing in the rows 5-8 would improve the
thermal performance of the heat exchanger by reducing
the air-flow blocking.

5. Conclusions

This paper proposed a mathematical model to predict
the thermal performance of a fin—tube heat exchanger
under frosting conditions. The correlations for the heat
transfer coefficients for frost layer formed on cold plate
and cylinder surfaces were derived from experimental data.
Experiments were performed to acquire benchmark data to
validate the mathematical model. The model was devel-
oped using correlations for the heat transfer coefficients
on the fin and tube and a water—vapor diffusion equation
for the frost layer. The results of the proposed model accu-
rately 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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