ELSEVIER

Available online at www.sciencedirect.com

science (@homneer:

International Journal of Heat and Mass Transfer 49 (2006) 2619-2625

International Journal of

HEAT ..« MASS
TRANSFER

www.elsevier.com/locate/ijhmt

Fin spacing optimization of a fin-tube heat exchanger
under frosting conditions

Dong-Keun Yang ', Kwan-Soo Lee *, Simon Song

School of Mechanical Engineering, Hanyang University, 17 Haengdang-dong, Sungdong-gu, Seoul 133-791, Republic of Korea

Received 31 August 2005; received in revised form 9 January 2006
Available online 22 March 2006

Abstract

Optimal values of the design parameters for a fin-tube heat exchanger of a household refrigerator under frosting conditions are pro-
posed to improve its thermal performance and extend its operating time. In the optimization procedure, fin spacings of the heat exchan-
ger are selected as the design parameters, and the average heat transfer rate, frost mass, and operating time are considered to be objective
functions. The response surface and Taguchi methods are employed to optimize the design parameters. As a result, the average heat
transfer rate and operating time of the optimum models increases by up to 6.3% and 12.9% compared to that of the reference model,

respectively.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In industrial or domestic refrigerator and air-condition-
ing systems, system efficiency is an important factor that
attracts customers, especially in this era of high gas prices.
A more efficient system provides better thermal perfor-
mance reducing operating costs. One of most important
factors that affect the thermal performance of a heat
exchanger is frost formation on its surfaces. However, the
thermal performance of a heat exchanger operating under
frosting conditions has been evaluated experimentally in
most cases, and the design parameters such as the fin spac-
ing have been determined empirically. In order to improve
the performance of a heat exchanger under frosting condi-
tions, an optimization of the heat exchanger design should
be considered.
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In order to optimize a heat exchanger, an accurate
model for predicting its frosting behavior must be devel-
oped. Frost formation phenomena on a cold plate and
cylinder under various operating conditions have been
examined both experimentally [1-6] and numerically [7—
17]. However, most heat exchangers used in industrial
and domestic refrigerators have been developed experimen-
tally [18-20]. As a result, there are few analytic studies for
frosting behavior of real heat exchangers [21-25]. There-
fore, repeated experiments are required using many proto-
types under various conditions to predict the frosting
behavior of a given heat exchanger, resulting in a high
development cost. Recently, optimization techniques have
been applied frequently in the development of thermal sys-
tems, but few studies that have used these techniques for
heat exchangers under frosting conditions have been
reported in the literature.

This paper addresses the optimization of a heat exchan-
ger under frosting conditions using the response surface
and Taguchi methods. A mathematical model developed
by our group [26] is adapted to predict the frosting behav-
ior on a fin-tube heat exchanger.


mailto:ksleehy@hanyang.ac.kr

2620 D.-K. Yang et al. | International Journal of Heat and Mass Transfer 49 (2006) 2619-2625

Nomenclature

A-F  design parameters for the Taguchi method
f objective function

my frost mass (g)

n number of design points

Pp—Pp; fin spacing (mm)
QO.v.  average heat transfer rate (W)
T temperature (K)

top operating time (min)

U, air velocity (m/s)

Wa absolute humidity (kg/kg,)
wi—w, weighting factors

X; normalized design parameters

Greek symbols

p response surface coefficient

n objective function variation rate
Subscripts

a air

r refrigerant

ref reference

2. Frost modeling

Before optimizing the design parameters of a heat
exchanger under frosting condition, it is required to predict
the frosting behavior. In the present study, we use a math-
ematical model [26] that predicts thermal performance of a
fin-tube heat exchanger under frosting conditions. For sim-
plicity, the essence of the model is briefly introduced below.

The model consists of two parts of heat and mass trans-
fer analysis: one between the air and the fin and tube of a
heat exchanger, and the other inside the frost layer. To cal-
culate the heat transfer rates between the air and the fin
and tube, correlations for heat transfer coefficient (Egs.
(27) and (28) in Ref. [26]) experimentally obtained between
the air and the cold flat plate and circular cylinder was
used. The heat and mass transfer rates were separately cal-
culated between the air and the fin and between the air and
the tube. To predict the frosting behavior, the model
utilizes a water-vapor diffusion equation (Eq. (15) in Ref.
[26]) and correlations for the effective thermal conductivity
of the frost layer (Egs. (8)—(10) in Ref. [26]). The two anal-
yses were coupled to reflect growth of the frost layer and
the resulting surface temperature variation of the fin and
tube.

To apply this model, a heat exchanger is divided into
three-dimensional infinitesimal control volumes. The frost-
ing behavior on each infinitesimal control volume is ana-
lyzed by considering the heat and mass balances
simultaneously. The model was validated by comparing
numerical results with experimental data for the frost
thickness, frost mass, and heat transfer rate on simple
and typical fin-tube heat exchangers. In the current study,
this model was used to predict the frosting behavior of heat
exchanger.

3. Optimum design problem definition
An optimum design problem may be defined by consid-

ering objective functions and constraint conditions. For the
current study, the frost mass, average heat transfer rate,

and operating time that affect the frosting and defrosting
performances were selected as the objective functions.
The permissible ranges of fin spacing were used as con-
straint conditions. Using the response surface [27] and
Taguchi methods [28], the fin-spacing values were opti-
mized to improve the performance of the heat exchanger.

The reference heat exchanger used in the current study is
shown in Fig. 1, and its geometric parameters are listed in
Table 1. The heat exchanger has 2 columns and 8§ rows, and
numerous fins are attached to the tube in each row. The fin-
spacing values of the first and the eighth rows are fixed as
20 mm and 5 mm, respectively, due to the given design
restrictions. The fin-spacing values of rows 2-7 (Pp, Py,
Py, Ps, Prs, Pr7) were allowed to vary and were selected
as the design parameters. The upper and lower limits of
the permissible spacing values are the constraint conditions
that are determined considering the values of the reference
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Fig. 1. Schematic diagram of a general fin-tube heat exchanger. The close
look shows the dimensions (mm) of fin width, length and thickness and the
tube spacing between the two columns.
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Table 1
Geometric parameters of a typical fin-tube heat exchanger
Parameters Values
Fin width 60 mm
Fin length 27 mm
Fin thickness 0.15 mm
Fin spacing
Row 1,2 20 mm
Row 3.4 10 mm
Row 5.6 7.5 mm
Row 7,8 5 mm
Number of columns 2
Number of rows 8
Tube length 440 mm
Outer tube diameter 8.5 mm
Transverse tube spacing 25 mm
Longitudinal tube spacing 30 mm

heat exchanger as follows. Note that the constraint condi-
tions are applied to both columns of the heat exchanger

10mm < P, <20mm, 7.5mm < Pr; < 12.5 mm
7.5mm < Py < 12.5mm, 5Smm < Pps < 10 mm (1)
Smm < P < 10mm, 5Smm < Py < 10 mm

The objective function for optimizing the design parame-
ters was defined by

Q'dVC

ave,ref

1) My ref

S (Pr2, Pr3, Pra, Pys, Prg, Pr7) = w p
£

+(l—w

(2)
where wy represents a weighting factor for the average heat

transfer rate. When w; = 1, the system is optimized only
for the average heat transfer rate.

4. Response surface method

The design parameters were optimized using the
response surface method. As a first step, the design param-
eters (Pp, P, Py, Prs, Prg, Pr7) were normalized consider-
ing the upper (Pgmax) and lower (Pgmin) limits of the
constraint conditions of each parameter as follows:

2(Pyi — Prrer)

Xi -
Pfiﬁmax - Pfi,min

(3)
The normalized parameters (X, X5, X3, X4, X5, Xs) includ-
ing the reference values ( Py r) are listed in Table 2. Various

Table 2
Ranges and levels of normalized design parameters in the design of
experiment

Design parameters Ranges and levels

—1 0 (reference value) 1
X1(Pp) 10.00 mm 15.00 mm 20.00 mm
Xo(Pg3) 7.50 mm 10.00 mm 12.50 mm
X3(Pyy) 7.50 mm 10.00 mm 12.50 mm
X4(Pgs) 5.00 mm 7.50 mm 10.00 mm
Xs5(Pse) 5.00 mm 7.50 mm 10.00 mm
Xo(Pg7) 5.00 mm 7.50 mm 10.00 mm

.f(XI;XZ;"'v

response surfaces may be generated using different weight-
ing factors corresponding to the objective function of Eq.
(2). The general form of the response surfaces for the objec-
tive function is given as

= By +ZBX +Z/3UX2+Z/3,]XX

)

Using the objective function and constraint conditions, an
optimum design problem is defined as follows:

Max Af(X],Xz,...,X6)
s.t. —1<X1<1, l:1,6

()

4.1. Generation of the response surface

In order to generate a quadratic response surface using a
central composite design, 77 design points consisting of the
normalized design parameters were selected. Numerical
analyses were performed at the design points using the
frosting model [26]. The model assumed the use of R134a
refrigerant and the following operating conditions: 7, =
-30°C, u,=15m/s, T,=—11.1°C, and w, =0.00145
kg/kg,. The operating time of the refrigerator was set to
390 min that is a typical defrosting period of industrial
refrigerators.

Several response surfaces were obtained from the
numerical analyses using various weighting factors and
Egs. (2) and (4). An analysis of variance (ANOVA) of
the numerical results was performed to validate the accu-
racy of the various response surfaces. For example, the
coefficient of determination for the response surface with
w; = 1.0 was 0.985. The results demonstrated that the
response surfaces accurately represent the relations
between the design parameters and objective functions.

4.2. Optimum values

An optimum design problem may have several optimum
values depending on the weighting factor, as shown in
Table 3. Since the average heat transfer rate is more impor-
tant than the frost mass in the design of a heat exchanger,
the design parameters were only optimized for w; > 0.5. In
the table, n, and 7, give the percentage increase of the
average heat transfer rate and frost mass in the optimum
model compared to the reference model. The optimum
design that maximizes the average heat transfer rate of
the heat exchanger was obtained when the normalized
design parameters were X;=-1, Xbo=-1, X3=-1,
X4 =-0.136, X5 =—0.930, and Xs = —1 (Pr = 10.00 mm,
P =7.50 mm, Py ="7.50mm, Pps=7.16 mm, P =15.18
mm, and Pp = 5.00 mm). The average heat transfer rate
in the optimum model increased by up to 6.3% compared
to the reference model. One may select any optimum design
shown in Table 3 based on the importance of each objective
function.
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Table 3

Optimum values for the design parameters using a response surface with weighting factors

Weighting factor (w) X1 X> X3 Xa Xs Xo f no,.. (7o) N (70)
1.0 -1 -1 -1 —0.136 —0.930 -1 1.063 6.3 8.1
0.7 -1 -1 —1 -1 —1 -1 1.025 4.3 1.9
0.5 1 0.255 0.243 -1 -1 -1 1.031 -0.9 —6.6

5. Taguchi method

The Taguchi method is efficient for a design problem
with several parameters and is frequently used in industry
because it can readily improve a reference model based
on the objective function without repeating experiments.
For example, the computational effort required for the
Taguchi method increases little when the number of design
parameters increases unlike the response surface method.
Also, the Taguchi method is superior in applying an opti-
mum design to real products because it proposes an opti-
mum model based on a combination of feasible design
parameters. Thus, the Taguchi method is especially effec-
tive for improving the design of products that have already
been manufactured.

5.1. Optimization

The Taguchi optimization procedure adapted for the
current study is as follows. First, the value of each design
parameter used for the response surface method was
divided into three levels, as shown in Table 4. The design
parameters (Pp, Pg3, P, Prs, Prs, Pr7) were renamed as 4,
B, C, D, E, and F for convenience. Since all selected design
parameters had a similar influence on the objective func-
tion, they were all divided into the same three levels.
Numerical analyses were performed to optimize the perfor-
mance of the heat exchanger using the L,7(3°) orthogonal
array table for the design points shown in Table 5 and
the objective function given by Eq. (2). Table 6 shows the
signal-to-noise (S/N) ratio defined by the Taguchi method.

Fig. 2 shows the effects of the design parameters on the
S/N ratios for w; = 1.0. The optimum values of the design
parameters correspond to the design point that has the
maximum S/N ratio. According to Fig. 2, the optimum
levels of the design parameters when w;=1.0 were
A1B1C\D,E>F,. Table 7 summarizes the optimum levels
of the design parameters for the three weighting factors,

Table 4
Design parameters of a three-level Taguchi method
Design parameters Level

1 2 3
A(Pp) 10.00 mm 15.00 mm 20.00 mm
B(Pg) 7.50 mm 10.00 mm 12.50 mm
C(Py4) 7.50 mm 10.00 mm 12.50 mm
D(Pys) 5.00 mm 7.50 mm 10.00 mm
E(Pg) 5.00 mm 7.50 mm 10.00 mm
F(Pg) 5.00 mm 7.50 mm 10.00 mm

and provides the percentage increase of the frost mass
and average heat transfer rate of the optimum models com-
pared to the reference model. For example, the average
heat transfer rate improved by 5.5% in the optimum model
with w; =1.0. The optimum models provided either a
higher average heat transfer rate or a lower frost mass,
depending on the weighting factor.

5.2. Optimization for operating time

The performance of the heat exchanger under frosting
conditions can be augmented not only by improving its
thermal performance but also by increasing its operating
time. In this section, results of the heat exchanger optimi-
zation to extend its operating time are reported using the
Taguchi method. Note that the objective function of Eq.
(2) is composed of the average heat transfer rate and frost
mass. Thus, another objective function should be defined
using the operating time and average heat transfer rate as
follows:

Table 5
L,+(3%) orthogonal array table for the Taguchi method

Test number Design parameters

A B C D E F
1 1 1 1 1 1 1
2 1 1 1 1 2 2
3 1 1 1 1 3 3
4 1 2 2 2 1 1
5 1 2 2 2 2 2
6 1 2 2 2 3 3
7 1 3 3 3 1 1
8 1 3 3 3 2 2
9 1 3 3 3 3 3
10 2 1 2 3 1 2
11 2 1 2 3 2 3
12 2 1 2 3 3 1
13 2 2 3 1 1 2
14 2 2 3 1 2 3
15 2 2 3 1 3 1
16 2 3 1 2 1 2
17 2 3 1 2 2 3
18 2 3 1 2 3 1
19 3 1 3 2 1 3
20 3 1 3 2 2 1
21 3 1 3 2 3 2
22 3 2 1 3 1 3
23 3 2 1 3 2 1
24 3 2 1 3 3 2
25 3 3 2 1 1 3
26 3 3 2 1 2 1
27 3 3 2 1 3 2
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Table 6
S/N ratio for the Taguchi method

S/N ratio

—101log {% Zflz}
i=1

Characteristics

Smaller-the-better

Larger-the-better

11
—101log {"Zﬂ}
i=1 Ji

0.2

0.0,

S/N Ratio
/

/.

.\.

-0.4

A A A, B BB, C,C,C, DD, D, EE,E; F,F, F,

Fig. 2. Effects of the design parameters on the S/N ratios for w; = 1.0.

to N
f(4,B,C,D,E,F) = w, P + (1 —wy) Oue

op,ref Qave,ref

(6)

where w;, and 1, ror Tepresent the weighting factor for the
operating time and reference operating time, respectively.
Also, t,, indicates the operating time at which the airflow

blockage ratio of the heat exchanger becomes the same as
the ratio of the reference heat exchanger at # = 390 min.

Table 8 lists the optimum designs for the heat exchanger
with respect to Eq. (6) and five weighting factors. In the
table, Niep gives the percentage increase of the operating
times for the optimum model compared to the reference
model. The operating time of the optimum model increased
by up to 12.9% without a decrease in the average heat
transfer rate.

5.3. Effects of operating conditions

The operating conditions for the heat exchanger, such as
the refrigerant temperature, air velocity, air humidity, and
air temperature, can vary with the user characteristics and
surrounding environment. Thus, optimizations using the
objective function given by Eq. (2) with w; = 1.0 were also
performed for the following operating conditions:

Reference case: u, = 1.5m/s, T, = —11.1 °C, w, = 0.00145
kg/kg,, T, = — 30 °C.

Case 1: u,=12m/s, T,=—11.1°C, w, = 0.00145
kg/kg,, T, = — 30 °C.

Case 2: u,=1.8m/s, T,=—11.1°C, w, = 0.00145
kg/kg,, T, = — 30 °C.

Case 3: u,=1.5m/s, T,= —11.1°C, w, = 0.00145
kg/kg,, T, = —27 °C.

Case 4: u, =1.5m/s, T,=—11.1°C, w, = 0.00145
kg/kg,, T, = —33 °C.

Case 5: u,=1.5m/s, T, = —13.4°C, w, = 0.00118
kg/kg,, T, = —30°C.

Case 6: u,=15m/s, T,=—88°C, w,=0.00178
kg/kg,, T, = —30°C.

Table 9 shows the optimum values of three-level design
parameters for the above six cases. The fin spacings in the
optimum model decreased with increasing refrigerant tem-
perature and decreasing air temperature to compensate for

Table 7

Optimum values for the three-level design parameters using the Taguchi method with weighting factors

Weighting factor (wy) A B C D E F f No,.. (7o) My (Y0)
1.0 1 1 1 2 2 1 1.055 5.5 8.5
0.7 1 1 1 1 1 1 1.025 4.3 1.9
0.5 3 3 3 1 1 1 1.032 =22 -7.8
Table 8

Optimum values for the three-level design parameters using the objective function (Eq. (6)) with weighting factors

Weighting factor (w;) A B C D E F f My, (70) no,.. (Vo)
1.0 1 2 1 2 2 2 1.129 12.9 0.1
0.7 1 2 1 2 2 2 1.091 12.9 0.1
0.5 1 2 1 2 2 2 1.065 12.9 0.1
0.3 1 1 1 2 2 1 1.040 22 4.8
0.0 1 1 1 1 1 1 1.100 —14.8 10.0
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Table 9

Optimum values for the three-level design parameters using the objective function (Eq. (2)) for w; = 1.0 with operating conditions

Case A B C D E F f no,.. (7o) N (70)
Reference 1 1 1 2 2 1 1.055 5.5 8.5
1 1 1 1 2 2 1 1.057 5.7 5.9
2 1 1 1 2 2 1 1.055 5.5 5.2
3 1 1 1 2 1 1 1.059 5.9 43
4 1 1 1 2 2 1 1.054 5.4 7.7
5 1 1 1 2 1 1 1.062 6.2 7.4
6 1 1 1 2 2 1 1.054 5.4 3.4

the reduction in the heat transfer rate. However, differences
of the optimum levels of the design parameters were mini-
mal despite the variations in the operating conditions.
Overall, the operating conditions had little effect on the
optimum values of the design parameters.

6. Conclusions

This paper proposed optimal values of the design
parameters for a fin-tube heat exchanger under operating
conditions corresponding to those of a household freezer
and refrigerator. An optimum design of the heat exchanger
maximizing the average heat transfer rate was obtained
using the response surface method. The average heat trans-
fer rate of the optimum model increased by 6.3% compared
to the reference model. When the heat exchanger was opti-
mized using the Taguchi method, the average heat transfer
rate increased by up to 5.5% compared to the reference
model. An optimum model to extend the operating time
was also proposed based on a Taguchi optimization. The
operating time of this model increased by 12.9% compared
to the reference operating time. Finally, the operating con-
ditions had little effect on the choice of an optimum design
for the heat exchanger.
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