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Abstract 
 
The air-side forced convective heat transfer of a plate fin-tube heat exchanger is investigated by experimental meas-

urement and numerical computation. The heat exchanger consists of a staggered arrangement of refrigerant pipes with 
a diameter of 10.2 mm and a fin pitch of 3.5 mm. In the experimental study, the forced convective heat transfer was 
measured at Reynolds numbers of 1082, 1397, 1486, 1591 and 1649 based on the diameter of the refrigerant piping and 
on the maximum velocity. The average Nusselt number for the convective heat transfer coefficient was also computed 
for the same Reynolds number by using the commercial software STAR-CD with the standard ε−k  turbulent model. 
It was found that the relative errors of the average Nusselt numbers between the experimental and numerical data were 
less than 6 percent in a Reynolds number range of 1082~1649. The errors between the experiment and other correla-
tions from literature ranged from 7% to 32.4%. However, the literature correlation of Kim et al. is closest to the ex-
perimental data within a relative error of 7%. 
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1. Introduction 

Domestic manufacturers produce several types of 
flat plate fin tube heat exchangers. These types of heat 
exchangers are typically fabricated via the mechanical 
expansion of circular pipes to flat plate fins. It has 
been reported that the overall heat transfer coefficient 
changes by as much as 20 % depending on the manu-
facturer. However, the manufacturers did not supply 
precise technical data to designers of air conditioning 
systems. One reason may be that it is very expensive 
and time consuming for a manufacturing company to 
acquire this technical data.  

One purpose of this study was to measure the air 
side heat transfer coefficient of a certain domestic flat 
plate fin-tube heat exchanger where the coefficient 
dominates the overall heat transfer coefficient. The 
experimental heat transfer coefficients were then com-
pared with several correlations from literature. 

The first correlation is from Kays and London [1]. It 
connected the rate of heat transfer with the Reynolds 
number based on the equivalent diameter for the pas-
sage of an air flow. In addition, the equations of Wang 
et al. [2], Kim et al. [3], and Gray and Webb [4] asso-
ciated the Nusselt number with the Reynolds number 
based on the diameter of the refrigerant pipe. In all of 
the aforementioned equations from the literature, the 
thermodynamic properties of fluid were based on the 
film temperature. 

Another purpose of this study was to predict the rate 
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of heat transfer by numerical computation using the 
commercial software STAR-CD. For this study, 
Chung et al. [5] and Ko et al. [6] computed the two-
dimensional turbulent flow between fins. Additionally, 
Yun et al. [7] simulated a three-dimensional laminar 
flow in the computational domain. However, many 
designers currently use commercial software to simu-
late three-dimensional turbulent flows in any arbitrary 
geometry. Therefore, it is also necessary to verify the 
accuracy of the commercial software used in as many 
applications as possible. 

In the present study, the air-side forced convection 
heat transfer was measured and computed at = 1082, 
1397, 1486, 1591, and 1649 from operational condi-
tions for a general home air-conditioner. The corre-
sponding Nusselt numbers were evaluated with equa-
tions from Kays and London [1], Wang et al. [2], Kim 
et al. [3], and Gray and Webb [4]. Finally, compari-
sons were made between the experimental data and 
the data from the literature, as well as between the 
experimental data and numerical data. 
 
2. Heat transfer correlations  

2.1 Description of a Flat Plate Heat Exchanger 

The configuration of the fin-and-tube heat ex-
changer in this study is shown in Fig. 1 Refrigerant 
pipes of Ф10.2 mm are staggered and the pitch be-
tween the fins is 3.5 mm. Schematic drawings of the 
fins and tubes are given in Fig. 2, and Table 1 shows 
the related dimensions. 

 
2.2 Derivation of the air-side nusselt number 

The air-side Nusselt number can be obtained 
though the following mathematical relationship: 

 
.

( )t t t t w fQ hA T hA T Tη η= ∆ = −   (1) 

 
In this equation: 

tη  : total fin efficiency 
h  : air-side average heat transfer  
  coefficient 

tA  : total exposed surface area 

wT  : surface temperature of refrigerant pipe 

fT    :  bulk temperature of air 
 

The total fin efficiency, tη , is defined by Eq. (2) 

Table 1. Geometric dimension of the fins and tubes. 
[unit : mm]  

 
Type D Pt Pl Pf S t N 

Plate 10.2 25 22 3.53 3.2 0.33 3 
 

 

  
Fig. 1. Flat plate fin-tube heat exchanger. 

 

 
 
Fig. 2. Schematic of assembled fins and tubes. 
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where fη  is fin efficiency from Schmidt’s equation 
[8].  

The bulk temperature of air, fT , is simply as-
sumed as the mean temperature between the inlet 
temperature inT  and the outlet temperature outT  of 
the heat exchanger. [9, 10] 
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The average heat transfer coefficient is derived 

from Eq. (1). 
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Additionally, the average Nusselt number is ex-
pressed as Eq. (5) with its definition for the diameter 
of the pipe, D , and the thermal conductivity. 

 
.

( )D
t t w f f
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⎛ ⎞
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  (5) 

 
2.3 Correlations of the nusselt number from the 

literature 

Several correlations of the Nusselt number for an 
air-side convective heat transfer from the literature 
are listed below to compare them with numerical and 
experimental results. 
 

2.3.1 Kays and London equation 
The correlation equation for a Nusselt number by 

Kays and London is given as Eq. (6). 
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The hydraulic diameter hD  in Eq. (6) above is de-

fined as Eq. (7) based on the minimum free area for 
an air flow. The Reynolds number is also defined 
with the maximum mass flow rate ( max maxG Vρ= ) 
and the hydraulic diameter by Eq. (8) 
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2.3.2 Equation by wang et al.  
Wang et al. suggested Eq. (9) through experimental 

data between 450 < DRe  < 7500 when the number 
of rows in a heat exchanger, N, is greater than 2. 
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2.3.3 Equation by Kim et al.  
Kim et al. also suggested an equation, Eq. (10), for 

the average Nusselt number when N>3. 
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2.3.4 Gray and Webb equation 
Lastly, Gray and Webb suggested Eq. (11) through 

experimentation. 
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3. Experiments of heat exchanger 

3.1 Experimental apparatus 

The experimental apparatus consists of an evapora-
tor, a compressor, a condenser and an expansion  

 
 

 
 
Fig. 3. Schematic diagram of the experimental apparatus for a 
heat exchanger. 
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Table 2. Specifications of the experimental apparatus. 
 

Equipment Specification 

Compressor 0.5 HP 

Duct Condensor 360×270×1500 mm 

Refigerant R-22 

Refigerant flow meter Electronic type 

Pressure transducer 0~35 bar 

 
valve through which the refrigerant R-22 circulates, 
as shown in Fig. 3. The condenser is cooled by a 
straight air duct with the dimensions of 360x270x 
1500 mm. An electric heater powered at 9 kW(1.5 
kWx6) is installed 150 mm from the inlet, and the 
speed of a fan installed 450 mm from the inlet can 
vary from 0 to 1700 rpm. The number of measure-
ment points for the air velocity and temperature at 
both the inlet and the outlet is 20. The points are 
evenly distributed at each cross-section of the duct. 
Refrigerant temperatures at inlet and outlet of the 
condenser are measured with T-type thermocouples. 
The general specifications of the experimental appa-
ratus are given in Table 2. 
 
3.2 Experimental method 

Testing of the experimental apparatus started after 
the steady state which required approximately 40-60 
minutes and during which the variations at the inlet 
and outlet pipes of the condenser were within ± 0.1℃. 
The temperature and velocity at each aforementioned 
point were determined in three separate measure-
ments at 30 seconds intervals by using a hot-wire 
anemometer with an accuracy of 2% in terms of the 
velocity and at a temperature of ± 0.5℃ (model: Tes-
to 650). The mean air temperature before the heat 
exchanger (condenser) was maintained at 31℃ by 
controlling the power of an electric heater. The air 
velocity in the duct was changed by controlling the 
speed of the fan motor. The velocity increased from 
1.13 m/s to 1.61 m/s in five steps with Reynolds 
numbers that ranged from 1082 to 1649, as given in 
Table 3. 
 
3.3 Experimental results 

The heat transfer rate of air through the heat ex-
changer can be expressed by Eq. (12). 

Table 3. Heat transfer rate of air from measured data. 
 

Temperature 
ReD 

In Out 

Velocity 
[m/s] 

Heat transfer 
rate Qw 

[W] 
1082 31 53.8 1.09 1094 
1397 31 42 1.37 1357 
1486 31 41.5 1.45 1473 
1591 31 41.8 1.56 1543 
1649 31 41.7 1.61 1689 

 

  
Fig. 4. Dimensions for the modeling of the fin. 
 

 
 
Fig. 5. Configuration of cells in the 3-D computational con-
trol volume. 

 

( )inoutPairpmean TTCmTACUQ −=∆=
⋅

ρ
.

     (12) 

Here, 
⋅

airm  denotes the mass flow rate of air, and 
Tin and Tout are the air temperatures before and after 
the heat exchanger. The rate of heat transfer in Eq. 
(12) was also computed with the measured data at 
various Reynolds numbers, as shown in Table 3. 
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4. Numerical computation 

4.1 Modeling of the mesh  

The computational grids are modeled in a control 
volume consisting of a fin interval of 3.2 mm and the 
slashed surface area of the fin shown in Fig. 4.  

Air enters at the ABDC cross-section and comes 
out at the EFHG section. As shown in the figure, one 
circular cylinder in the middle of the domain and four 
half circular cylinders at four corners of the domain 
represent the refrigerant pipes. The inlet (3.2 x 25 
mm2) is divided into 40 x 34 cells so that the total 
number of cells and the vertex are 341,184 and 
358,925 including 39,936 solid cells corresponding to 
the half thickness of a fin. In addition, the cells be-
come smaller as they approach the wall. Mesh infor-
mation regarding the number of grids and the lengths 
is given in Table 4. 
 

4.2 Governing equations for the numerical compu-
tation 

Eq. (13), Eq. (14) and Eq. (15) are the continuity 
equation, the momentum equation, and the energy 
equation which together govern the fluid flow in the 
control volume. 
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The turbulent stress term 

−−
′′− ji uu  of Eq. (14) is 

defined as Eq. (16) 
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Table 4. Mesh information in the control volume. 
 

Region Grid Distance 
[mm] Region Grid Distance 

[mm] 
a-b 34 25 a-e 110 66 

a-c 40 3.2 e-g 40 3.2 

c-d 34 25 e-h 34 25 

where ijδ  is Kronecker’sδ  and tµ is the turbulent 
viscosity defined by Eq. (17) with the turbulent ki-
netic energy k  and the turbulent dissipation energy 
ε . The standard ε−k  model for a high Reynolds 
number is used for the turbulent flow [11]. 
 

ε
ρµ µ

2kCt =   (17)  

 
 

4.2 Boundary conditions 

As the fluid in the control volume is three-
dimensional, steady state, and because it has a turbu-
lent flow, the computation requires six variables. 
These are three velocity components (U, V, W) ac-
cording to the Cartesian coordinates (x, y, z), k and 
ε  for the turbulent flow, and T for the temperature. 
Therefore, elliptic boundary conditions for the six 
variables must be determined.  

 
4.3.1 Inlet boundary condition 
The principal velocity component Uin was meas-

ured by using a velocity meter for the inlet boundary 
condition, and the perpendicular velocity components 
of Vin and Win were assumed to be zero as expressed 
by Eq. (18). 

 
meanin UU = , 0=inV , 0=inW   (18) 

 
The turbulent kinetic energy, k , can be expressed 

by Eq. (19) with the mean velocity Umean and turbu-
lent intensity I  at the inlet of the numerical domain.  

 
( )25.1 IUk mean ××=   (19) 

 
It was found that I = 10% is most reasonable as 

the inlet condition through a comparison between the 
numerical and experimental heat transfers. Eq. (20) is 
an expression of the turbulent dissipation energy 
where the turbulent coefficient µC  is 0.09 and the 
turbulent mixing length ℓ is 0.27 mm with a 10% 
interval between the fins.  

 

l
kC

5.1
75.0 ×= µε   (20) 

 
The air temperature was also measured for the inlet 

condition, as expressed by Eq. (21). 
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inTT =   (21) 

 
4.3.2 Exit boundary condition  
A Neumann condition was applied at the exit of the 

computational domain, as expressed by Eq. (22). 
 

0iU k T
x x x x

ε∂ ∂ ∂ ∂= = = =
∂ ∂ ∂ ∂

  (22) 

 
In addition, the pressure condition(p=0) was also 

applied at the exit for comparison of the exit bound-
ary condition. The pressure condition, however, 
showed a much greater error of 48% compared with 
the experimental data in spite of the fact that the fully 
developed condition showed only 6 % of relative 
error with the experimental data. 

 
4.3.3 Wall boundary condition 
The non-slip condition for the fluid flow was used 

at walls, as given in Eq. (23). 
 

0=== wallwallwall WVU   (23) 

 
Furthermore, k  and ε  near the wall were ob-

tained from the wall function with a non-slip condi-
tion. 

For the temperature boundary condition, the tem-
perature gradient was assumed to be zero at the mid-
dle of the fin thickness. Additionally, the wall tem-
perature of the refrigerant pipes was determined 
through the saturation temperature of the refrigerant 
in the condenser. 

 
4.3 Computational results 

The Reynolds numbers in the computation were 
1082, 1397, 1486, 1591, and 1649 based on the mean 
air velocity and diameter of the refrigerant pipes run-
ning perpendicular to the fins. 

Fig. 6 presents x-direction velocity contours at the 
middle plane between the fins when the Reynolds 
number is 1486. In the contour, the velocities appear 
symmetric and become fast closer to four half circles 
and a middle circle. 

Fig. 7 shows contours of the fluid temperature un-
der the same condition. This figure shows that the air 
temperature becomes higher behind the refrigerant 
pipes. If the rate of heat transfer is integrated through 
all surfaces, the average Nusselt number can be ob-
tained via Eq. (4). 

 
 
Fig. 6 Contours of the U-component velocity (ReD = 1486) 
[unit: m/s] 

 

 
 
Fig. 7 Contours of the air temperature (ReD = 1486) [unit: K] 
 

5. Comparison between experiments and com-
putation 

The average Nusselt numbers for the design equa-
tion from the numerical computations and experi-
ments can be expressed as 1/ 3

1 Re Prm
D D fNu C= ⋅ ⋅  by 

a dimensional analysis. Here, fPr , the Prandtl num-
ber of the fluid, is assumed to be 0.69 up to a tem-
perature of 600 K. Thus, the equation has the form of 

m
DD CNu Re1 ⋅= . Eq. (24) is the correlation equation 

from the experimental data by the least square method 
for log coordinates from Reynolds numbers of 1082 
to 1649.  

 
784.03/1784.0 Re044.0PrRe049.0 DfDDNu ⋅=⋅⋅=   (24)  

 
Eq. (25) is derived from numerical data in the same 

manner as Eq. (24). 
 

671.03/1671.0 Re097.0PrRe11.0 DfDDNu ⋅=⋅⋅=   (25) 
 
Fig. 8 compares Eq. (24) from the experiments and 

Eq. (25) from the numerical computation. This figure 
shows that the relative errors are from 3.5 % to 5.7 % 
depending on the Reynolds number. 

Fig. 9 shows comparisons among the correlation 
equation from the experiments and the equations from 
the literature. Compared here are Eq. (8) of Kays and 
London [1], Eq. (9) of Wang et al. [2], Eq. (10) of 
Gray and Webb [3], and Eq. (11) of Kim et al. [4] 
with the same range of Reynolds numbers. In this 
figure, the ranges of relative errors between the ex-
perimental equation and each equation from the 
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Fig. 8 Comparison of the average Nusselt form experiments 
and numerical computations 

 

 
 
Fig. 9 Comparison of average Nusselt number, from experi-
ments, numerical computations and the literature 
 

literature are 17.9-32.4 % for Kays and London [1], 
16.5-31.2 % for Wang et al. [2], 0.4-6.0 % for Kim et 
al. [4], and 10.1-23.0 % for Gray and Webb [3].  
 

6. Conclusions 

Experiments were conducted on the rate of heat 
transfer from staggered refrigerant pipes to flat plate 
fins by the air flow from Reynolds numbers that 
ranged from 1082 to 1649. The correlation equation 
from the experiments was compared with the equa-
tion from a numerical computation as well as several 
equations from the literature. The findings are sum-
marized below. 

 
(1) The Nusselt number equations from the ex-

periments and the numerical computation are 
0.7840.044ReD DNu =  and 0.6710.097ReD DNu = , re-

spectively. The relative errors between these 
equations are 6 %; hence, the numerical com-

putation simulates the experimental data fairly 
well when the Prandtl number of the air is 0.69. 

(2) Numerical results with the Neumann condi-
tion at the exit of the computational domain 
were much closer to the experimental results 
compared to those with pressure condition at 
the exit. 

(3) The correlation equation of Kim et al. from 
literature shows that the relative errors to the 
experimental data are within 7 %; thus, this 
equation is closest to the equation from the 
experiments. However, the relative errors of 
Gray and Webb and from Kays and London 
show errors in ranges of 10.1-23.0 % and 
17.9-32.4 %, respectively. The equation of 
Wang et al. presents the largest error range of 
16.5-31.4 % among all equations from the 
literature included here. 
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