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Abstract

The thermal contact resistance is a principal parameter interfering with heat transfer in a fin–tube heat exchanger. However, the

thermal contact resistance in the interface between tubes and fins has not been clearly investigated. The objective of the present study

is to examine the thermal contact conductance for various fin–tube heat exchangers with tube diameter of 9.52 mm and to find a

correlation between the thermal contact conductance and effective factors such as expansion ratio, fin type, fin spacing and

hydrophilic coating. In this study, experiments have been conducted only to measure heat transfer rate between hot and cold water.

To minimize heat loss to the ambient air by the natural convection fin–tube heat exchangers have been placed in an insulated

vacuum chamber. Also, a numerical scheme has been employed to calculate the thermal contact conductance with the experimental

data. As a result, a new correlation including the influences of expansion ratio, slit of fin and fin coating has been introduced, and the

portion of each thermal resistance has been estimated in the fin–tube heat exchangers with 9.52 mm tube.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In modern industrial society, fin–tube heat exchang-
ers play an important role in power stations, chemical

plants, refrigerating industries, aircrafts, automobiles,

etc. So far, many researchers have studied to enhance

the efficiency of the fin–tube heat exchanger. The ther-

mal contact resistance, however, has not been focused

deeply and occasionally has been overlooked owing to

complexities of heat transfer through interfaces and

difficulties in measurements. Generally, fin–tube heat
exchangers are manufactured through mechanical

expansion to tighten the contact between tubes and fins.

Yet, the features of heat transfer through interfaces have
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not been clarified because of the irregular contact of

interface.

A study on the effect of thermal contact resistance in
a fin–tube heat exchanger was first attempted by Dart

(1959). In his study, thermal contact resistances were

tested with several samples with two passages, which

were one for cold and the other for hot water. To

minimize the influence of the natural convection, the

tube was placed in an adiabatic chamber. The results

were compared to that in soldered fins. Eckels (1977)

and, Eckels and Rabas (1987) predicted the thermal
contact conductance, varying the number of fin, the fin

thickness, and the diameter of tube in the wet and the

dry fin–tube heat exchangers. In addition, they im-

proved the empirical method, based on Dart’s method,

including error analysis. Abuebid (1984) investigated the

thermal contact resistance with plate-finned tube heat

exchangers placed in a vacuum. He performed an error
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Nomenclature

Ac contact area between the fin collar and tube

surface (m2)

Af cross-sectional area of the fin (m2)

Ai inside area of the tube (m2)

Am log mean area of the tube (m2)

c thermal contact conductance (W/m2 �C)
Cf the constant of hydrophilic fin coating

(W/m2 �C)
Cp specific heat (J/kg �C)
D nominal tube diameter (m)

Dball diameter of expansion ball (m)

Di inner diameter of the tube (m)

Dmin minimum diameter of the tube (m)

Do outer diameter of the tube (m)

E expansion ratio (%)

hc convective heat transfer coefficient of the cold
water (W/m2 �C)

hh convective heat transfer coefficient of the hot

water (W/m2 �C)
kf thermal conductivity of the fin (W/m �C)
kt thermal conductivity of the tube (W/m �C)
leq equivalent length of the fin (m)
_mc mass flow rate of the cold water (kg/s)
_mh mass flow rate of the hot water (kg/s)
nf number of fins (per unit length)

Nf fin number

Nu Nusselt number

Pf fin pitch (spacing) (m)

Pr Prandtl number
_Qc heat transfer rate of the cold water (W)
_Qh heat transfer rate of the hot water (W)

d _Qh inaccuracy of heat transfer rate from hot to

cold water (W)

Rc thermal contact resistance (�C/W)
Re Reynolds number

Rf thermal conduction resistance of the fin
(�C/W)

Rhc thermal convection resistance of cold water

(�C/W)
Rhh thermal convection resistance of hot water

(�C/W)
Rt thermal conduction resistance of the tube

(�C/W)
Rtotal sum of the all thermal resistances (�C/W)
Rxh axial convective resistance in association with

advection of thermal energy (�C/W)
Rxt axial conduction resistance in tube material

(�C/W)
Sf the constant of hydrophilic fin coating

tf thickness of the fin (m)

tt thickness of the tube (m)

Tc temperature of the cold water (�C)
Th temperature of the hot water (�C)
DTh temperature drop of hot water (�C)
U overall heat transfer coefficient (W/m2 �C)
w width of the fin (m)
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analysis, which is similar to the Eckels’ method. But the

error band was narrower. Shah (1986) investigated the

effect of pressure distribution on the collar analyzing

the temperature distribution in the fin and collar. Shef-

field et al. (1987) considered the contact pressure as the

significant factor of the thermal contact resistance. They

introduced the influence of surface hardness and studied

the correlation between contact pressure and expansion
interference (hardness and roughness). Stubblefield et al.

(1996) investigated the heat loss by thermal contact

resistance using the insulated pipe and presented a

simple method to predict the effect of contact resistance.

Salgon et al. (1997) theoretically predicted the thermal

contact conductance which was presented as a func-

tion of contact pressure and compared to experimental

data. But, the previous studies were insufficient to
identify factors affecting the thermal contact conduc-

tance because several factors were not considered, and

many assumptions were used in the mathematical

models.

In this study, we evaluate the thermal contact con-

ductance using experimental–numerical method. Here,

thermal contact conductances have been evaluated on
various fin–tube heat exchangers with 9.52 mm tube.

And a new correlation between the thermal contact

conductance and effective factors such as expansion

ratio, fin type, fin spacing, and hydrophilic coating has

been developed. Additionally, the portions of the ther-

mal resistances to total resistance have been computed

in all samples.
2. Theory of the experimental–numerical method

The fin–tube heat exchangers manufactured through

mechanical expansion of tubes are composed of alumi-

num fins and grooved copper tubes with diameter of

9.52 mm, and have eight tubes in a row as depicted in

Fig. 1. The fin–tube heat exchanger is set in a vacuum
chamber ensuring that the aluminum fins function only

as conduction media with a minimum of natural con-

vection. To minimize the heat transfer between hot and

cold water through the chamber wall, inlet and outlet

tubes of cold water are neighbored in the upper part of

the chamber wall and those of hot water are placed in

the lower part.



Fig. 1. A fin–tube heat exchanger with 9.52 mm tube used in the

experiment.
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To evaluate influences by variance of the features of

tube and the fin, the experiment is conducted on the

fin–tube heat exchangers with various expansion ratios

of tubes, fin spacings, fin coatings (hydrophilic and non-

hydrophilic coating fins), and fin types (wave fin, wave-

slit fin, and D-fin) as shown in Fig. 2. The configuration

of the fin–tube heat exchanger is presented in Table 1.

To improve the reliability of the experiment, a pair of
heat exchangers of the same specification were manu-

factured and tested, respectively, and 10 pairs (total 20

samples) were tested repeatedly.

As shown in Fig. 3, the experimental apparatus

consists of vacuum chamber, vacuum pump, pair of

constant temperature reservoirs, pair of water pumps,

pair of mass flow meters, vacuum gauge, thermo sen-

sors, etc. The procedure of the experiment is as follows.
With the vacuum of about 3 mmHg, hot and cold water
Fig. 2. Schematic of fins. (a) Wave fin, (b) wave-slit fin and (c) D-fin.
are circulated through the fin–tube heat exchanger. As

the heat transfer reaches steady state, the recorder saves

all the experimental data. The obtained data in the

experiment are used as input data for the numerical
calculation. The detailed explanation about the experi-

mental method has been suggested in our previous

research (Kim et al., 2003).

As shown in Table 2, the inlet temperatures of hot

water have ranged from 51.1 to 56.3 �C, and those of the
cold water have ranged from 17.8 to 23.7 �C. The flow
rates of hot and cold water have, respectively, ranged

1.38–1.76 kg/min and 1.36–1.98 kg/min. The measure-
ment errors of the temperatures and the flow rates are

about ±0.1 �C and ±0.1%, respectively. The differences
between heat transfer rates based on the hot and cold

water have been estimated about 1–5%. These small

differences may be due to heat loss through the chamber

wall, errors in properties evaluation, and measurement

errors of instrumentation.

The thermal circuit of a hot and cold tube is shown in
Fig. 4(a). If the hot and cold tube is one path, respec-

tively, a radial heat transfer rate (d _Q) through only an
infinitesimal area (dAi) between hot and cold water is as
follows.

d _Q ¼ UðTh � TcÞdAi ð1Þ

1

UdAi
¼ Rtotal ¼ Rhh þ 2Rt þ 2Rc þ Rf þ Rhc ð2Þ

where

Rhh ¼ 2=ðhh dAiÞ ð3Þ

Rt ¼ 2tt=ðkt dAmÞ ð4Þ

Rc ¼ 2=ðcdAcÞ ð5Þ

Rf ¼ leq=ðkf dAfÞ ð6Þ

Rhc ¼ 2=ðhc dAiÞ ð7Þ
To calculate the thermal conductance using only the

previously mentioned mathematical model (Eqs. (1) and

(2)) is not adequate in this fin–tube heat exchanger

problem because the heat exchangers are composed of

several paths which are connected with fins each other as
shown in Fig. 1. Therefore, the numerical calculation

using the global energy balance is considered in the

present study, and the heat exchanger is divided into

small elements as shown in Fig. 4(b).

Correlations for convective heat transfer of water

flow in a 9.52 mm grooved tube was presented by Park

et al. (1997) as;

Nu ¼ 0:00172� Re1:12 � Pr0:3 ð3000 < Re < 21; 000Þ
ð8Þ

Therefore, the convective heat transfer coefficients (hh
and hc) of the hot and cold water can be determined



Table 1

Configuration of fin–tube heat exchangers with 9.52 mm tubes
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from hh ¼ Nuðkh=DiÞ, hc ¼ Nuðkc=DiÞ, and Eq. (8). The
ranges of hh and hc in the present study are about 2800–
3700 and 2100–3400 W/m2 �C, respectively. The Rey-
nolds number is about 4500–8500.

As presented in the Eq. (6), to simplify the calculation

of the thermal resistance of fin (Rf ) we introduced an
effective conduction length (equivalent length) instead of

a real conduction length through a fin. While the dis-
tance between the centers of the tubes (l) in the real
geometry of a fin is 25.0 mm, the calculated equivalent

length (leq) is 19.8 mm. The specific procedure of

numerical calculation has been suggested in our previ-

ous research (Kim et al., 2003).

As presented in Table 3, the results of numerical

calculation include the Reynolds number, the convective

heat transfer coefficients, the overall heat transfer coef-
ficient, the thermal contact conductance, and the por-
tions of all thermal resistances between the hot and the

cold water. However, other values except the thermal

contact conductance should not be used as the charac-

teristics comparing to each case because these values

change to each test condition. The thermal contact

conductances range about from 6000 to 17,000 W/m2 �C
depending on the features of heat exchangers. In the two

heat exchangers of the same specification, the differences
of the thermal contact conductances have been calcu-

lated to be about 1–20%. It may be due to the differences

of the number of fins and to the experimental error.

Therefore, the influences of the effective factors have

been evaluated using the arithmetic mean values of the

two thermal contact conductances.

The sensitivity of the thermal contact conductance to

the temperature drop in the numerical calculation, oc
oðDThÞ,

is about 1.26 · 104 W/m2 �C in the first case (the symbol,



Table 2

Experimental data for energy balance between hot and cold water

Tci (�C) Tco (�C) Thi (�C) Tho (�C) _mc (kg/min) _mh (kg/min) _Qc (W) _Qh (W)
ð _Qh� _QcÞ

_Qh
� 100 (%)

Case 1 19.8 25.5 52.4 45.9 1.60 1.46 635.12 661.82 4.03

Case 2 18.0 23.9 51.1 44.9 1.57 1.56 645.08 674.51 4.36

Case 3 22.8 28.8 54.8 48.4 1.50 1.47 626.76 656.10 4.47

Case 4 21.5 27.8 53.9 47.5 1.48 1.50 649.32 669.49 3.01

Case 5 22.6 27.8 56.3 51.0 1.73 1.76 624.48 650.52 4.00

Case 6 19.8 25.9 55.9 48.6 1.47 1.25 624.46 636.36 1.87

Case 7 21.8 26.8 51.7 45.1 1.98 1.55 689.44 713.42 3.36

Case 8 20.1 26.9 52.2 45.8 1.36 1.51 644.03 673.95 4.44

Case 9 22.8 29.1 55.5 49.2 1.43 1.49 627.39 654.63 4.16

Case 10 23.7 29.8 55.2 49.5 1.48 1.63 628.91 647.94 2.94

Case 11 19.9 26.3 54.3 47.7 1.44 1.46 641.80 671.99 4.49

Case 12 22.9 28.1 56.1 49.8 1.77 1.53 640.97 672.21 4.65

Case 13 19.4 25.4 53.8 47.2 1.53 1.46 639.30 672.00 4.87

Case 14 17.8 23.6 52.2 45.8 1.55 1.47 626.06 656.10 4.58

Case 15 20.7 26.7 52.5 46.2 1.53 1.52 639.30 667.81 4.27

Case 16 22.5 28.3 53.6 47.0 1.60 1.47 646.26 676.60 4.48

Case 17 19.3 25.2 53.8 47.5 1.52 1.47 624.53 645.85 3.30

Case 18 18.6 24.3 53.8 47.3 1.64 1.49 650.99 675.42 3.62

Case 19 18.8 25.8 52.3 45.5 1.30 1.38 633.72 654.42 3.16

Case 20 21.9 27.9 53.2 46.8 1.57 1.49 656.01 665.02 1.35

Data recorderIBM PC

Vacuum Chamber

Constant-
temperature 

reservoir
(Hot water)

Thermo sensor

Flow meter

Flow meter

Thermo sensor

Thermo sensor

Constant-
temperature 

reservoir
(Cold water )

Pressure 
gauge

Vacuum 
pump

Thermo sensorPump

Pump

Fig. 3. Schematic diagram of the experimental apparatus.
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o, means the infinitesimal change in the numerical cal-

culation). The major sources of the uncertainty of the

thermal contact conductance are the measurement er-

rors of the temperature and the mass flow rate. There-

fore, the instruments of high accuracy have been used in

the current experiment. Consequently the heat transfer

rate from the hot to cold water has been estimated to be

accurate within ±2%. Also, the thermal contact con-
ductance has contained an uncertainty of about ±20%.
3. Discussion

The analyses of data have been conducted with the

confidence level of 95% according to statistical method.

As depicted in Fig. 5, it can be said that the thermal
contact conductance increases as the tube expansion
ratio (E) increases. This behavior can be reasoned by the
fact that the contact pressure between the tubes and the

fins increases as the expansion ratio increases. Here,

the tube expansion ratio has been defined as E ¼ ðDball=
Dmin � 1Þ � 100, and they are 4.15, 5.65, and 7.14,

respectively.

As shown in Fig. 6, the thermal contact conductance

decreases as the fin spacing increases. This is attribut-
able to the fact that the applied pressure during the

process of tube expansion increases as the fin spacing

decreases because fins with smaller fin spacing are more

likely to resist against the tube expansion caused by the

movement of the ball in a tube. Here, the decrease of fin

spacing is compatible with the increase of the number

of fins. Therefore, it can be said that the thermal con-

tact conductance increases as the number of fins
increases.



Table 3

Results of numerical calculation for thermal contact resistances
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Fig. 4. Thermal resistance circuit and control volumes in a part of heat exchanger (dots mean the nodes for temperature calculation).
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Fig. 8. Thermal contact conductance as to fin coating in fin–tube heat

exchangers with 9.52 mm tube.

0

2000

4000

6000

8000

10000

12000

14000

16000

wave-slit
(17/18)

wave
(13/14)

c 
 [

W
/m

2 ˚C
]

wave-slit
(15/16)

wave
(case7/8)

Fin type

Fig. 7. Thermal contact conductance as to fin type in fin–tube heat

exchangers with 9.52 mm tube.

1012 J. Jeong et al. / Int. J. Heat and Fluid Flow 25 (2004) 1006–1014
The influence of various fin types is depicted in Fig. 7.
The thermal contact conductance of wave fin is larger

than that of wave-slit fin both in the cases of fin spacings

of 1.3 and 1.7 mm because the wave fin is more likely to

resist against the expansion of tubes ensuring higher

contact pressure between the tubes and the fins. It is

reasoned by the fact that the effect of slit is not con-

sidered in the calculating process of equivalent length of

the wave-slit fin. However, if the other parameters are
the same in the cases of wave fin and wave-slit fin, it is

clear that thermal resistance of the wave-slit fin is larger

than that of the wave fin because the effective heat

conduction area through the wave-slit fin is smaller. In

addition, the thermal contact conductances are calcu-

lated in the cases of the D-fin, but these cannot be

compared to the cases of wave fin and wave-slit fin

because other parameters are different.
The hydrophilic coating fin has been generally used
for the increase of convective heat transfer between the

fin surface and the air flow in fin–tube heat exchangers.

But, as shown in Fig. 8, the thermal contact conduc-

tance of the case with the hydrophilic coating is much

small, compared with that of the general fin because the

hydrophilic coating interferes with heat transfer at the

contact interface. Therefore, the hydrophilic coating

must be considered with the thermal contact resistance
in the fin–tube heat exchanger.

To evaluate the correlation between several factors

and the thermal contact conductance in fin–tube heat

exchangers with 9.52 mm tubes, a new parameter of

interfacial pressure, p, similar to that used in Eckels
(1977) correlation is proposed in Eq. (9). The parameter

is different from Eckels (1977) parameter in considering

the effects of expansion rate, hydrophilic coating and fin
type.
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p / tf
1

nf tf
� 1

� �2
Do

� E � Cf � Sf ð9Þ

Here, Cf and Sf are the constants related to the hydro-
philic fin coating and the fin type, respectively, and the

specific values are as follows:

Cf ¼
0:6 : with hydrophilic coating
1 : without hydrophilic coating

�

Sf ¼
0:86 : with slit
1 : without slit

� ð10Þ

As depicted in Fig. 9, the correlation between the thermal

contact conductance and the parameter is adequate for

the least squares linear fitting by regression analysis. The

correlation can be represented in the following equation,

and the coefficient of determination (r2) is 0.92.

cðW=m2 �CÞ ¼ 2790 � tf
1

nf tf
� 1

� �2
Do

�E �Cf � Sf

0
B@ � 104

1
CA� 266

ð11Þ
In addition, the portions of each thermal resistance to

the total thermal resistance are calculated in all cases.

Here, the total thermal resistance means only the sum of

the radial resistances between hot and cold water, which
is Rtotal in Eq. (2). As depicted in Fig. 10, the portions of
the thermal conduction resistance of the fin are the

largest while the ratios of the thermal conduction

resistance of the tube thickness are so small in all cases.

The portions of the thermal contact resistance range

approximately from 6% to 18%. Like this, the results of

the thermal contact resistance in this study are in the

same line with other authors’ (Eckels, 1977; Sheffield
et al., 1989) results although the experimental conditions

are different.
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12000

14000

16000

18000

c 
 [

W
/m

2 ˚C
]

 calculation value
 Eq. (11)

Fig. 9. Effectiveness of the proposed correlation compared with the

dispersed data.
4. Conclusion

In this study, the thermal contact conductances have

been evaluated using the experimental–numerical

method for various fin–tube heat exchangers with 9.52

mm tube and a new correlation between thermal contact

conductance and the effective factors such as tube

expansion ratios, fin spacings, fin types, and hydrophilic
fin coating has been presented. Also, the portions of the

thermal resistances have been studied as well.

The results of the present study imply that the ther-

mal contact resistance is closely related to the several

factors. That is, the thermal contact conductance in-

creases as the expansion ratio and the number of fin

increase. And, the thermal contact conductances in the

wave fin and the non-hydrophilic coating fin is larger
than that in the wave-slit fin and the hydrophilic coating

fin. These prove that hydrophilic fin coating and the

contact pressure between the fin and the tube is an

essential parameter in the thermal contact resistance.

Meanwhile, the portions of the thermal contact resis-

tance to the total thermal resistances range approxi-

mately from 6% to 18%, and the thermal contact

resistance may not be ignored in the analysis of the fin–
tube heat exchanger. Also, A new correlation for the

thermal contact conductance can be utilized as a basic

data in the design process of the fin–tube heat

exchangers. In the future study, further experiments can

be carried out with different tube diameters for the

optimal fin–tube heat exchanger design.
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