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Abstract 
 
A louver-finned flat tube heat exchanger was tested, and the data are compared with those of the state-of-the-art round tube heat ex-

changer. Both heat exchangers have the same tube perimeter and fin pitch. Tests were conducted under dry and wet condition. Results 
show that, under dry condition, both j and f factors of the round tube heat exchanger are larger than those of the flat tube heat exchanger. 
As the Reynolds number decreases, however, the j and f factors of the flat tube heat exchanger increase at steeper slopes than those of the 
round tube heat exchanger. Under wet condition, contrary to the dry surface, both j and f factors of the flat tube heat exchanger are larger 
than those of the round tube heat exchanger. Explanation is provided considering the condensate drainage between louvers and fins. Per-
formance evaluation was also performed. 
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1. Introduction 

Finned-tube heat exchangers having round tubes have been 
widely used in heat exchange between a liquid and a gas. In 
the forced convective heat transfer between liquid and gas, the 
controlling thermal resistance is on the gas-side. To improve 
the gas-side performance, rigorous efforts have been devoted, 
which include usage of high performance fins, usage of small 
diameter tubes, etc. [1-3]. However, finned-tube heat ex-
changers having round tubes have inherent shortcomings, such 
as form drag on the tubes, low heat transfer region on the fin 
behind tubes, etc. These drawbacks may be alleviated if low 
profile flat or oval tubes are used. Flat tube heat exchangers 
also have a drawback. They may not withstand a high internal 
pressure and may deform at a high pressure. 

Brauer [4] was the first to investigate the possibility of non-
circular finned tubes. He tested staggered banks of oval and 
round individually finned tubes having 312 fin/m and 10 mm 
fin height. The oval tubes yielded 15% higher heat transfer 
coefficient and 25% less pressure drop than round tubes. He 
attributed the performance advantage of oval tubes to lower 
form drag on the tubes and the smaller wake region on the fin 
behind the tubes. Saboya and Saboya [5] applied a naphtha-

lene sublimation technique to measure the mass transfer coef-
ficient in a channel simulating plate fin and oval tube ex-
changer, and compared the results with those of the round tube 
counterpart. Two oval tube geometries with 1.54 and 2.0 as-
pect ratios were tested. No major difference in mass transfer 
coefficients between round and oval tubes was reported.  

Min and Webb [6] numerically investigated the effect of 
tube aspect ratio of an oval tube on air-side heat transfer and 
pressure drop characteristics of an infinite row heat exchanger 
having herringbone wave fins. The numerical calculations 
were performed in three dimensions for two frontal air veloci-
ties, 2.54 and 3.39 m/s, yielding hydraulic diameter Reynolds 
number of 770 and 1150. Investigated were five tube geome-
tries including a round tube, three oval tubes and a flat tube. 
The longitudinal and transverse tube pitches were 31.75 mm 
and 30.48 mm. The corrugation height and corrugation pitch 
of the fin were 1.67 and 10.58 mm. The fin pitch was 2.117 
mm. The 15.88 mm round tube served as a baseline tube. The 
four non-circular tubes were made by reforming the baseline 
round tube, and had the same perimeter as that of the round 
tube. The aspect ratios of the three oval tubes were 2.0, 3.0, 
4.29, and the aspect ratio of the flat tube was 3.0. As the tube 
aspect ratio increased, the air-side heat transfer coefficient and 
pressure drop decreased. At 2.54 m/s frontal velocity, the 3.0 
aspect ratio oval tube yielded a 9.0% lower heat transfer coef-
ficient and a 48.7% lower pressure drop than the round tube. 
As compared to the 3.0 aspect ratio oval tube, the same aspect 
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ratio flat tube yielded a 2.3% higher heat transfer coefficient 
and 6.0% higher pressure drop.  

Leu et al. [7] also numerically investigated the effect of tube 
aspect ratio of an oval tube for a two-row heat exchanger hav-
ing louvered fins. The longitudinal and transverse tube pitches 
were 19.05 mm and 25.4 mm. The louver pitch was 3.75 mm 
and the louver angle was 14 degree. The 10.42 mm round tube 
served as a baseline tube, and the oval tubes had the same 
perimeter as that of the round tube. The aspect ratios of the 
oval tubes were varied from 1.2 to 2.8. The numerical calcula-
tions were performed for hydraulic diameter Reynolds number 
from 70 to 370. Results showed that, same as Min and Webb 
[6], the air-side heat transfer coefficient and pressure drop 
decreased as the tube aspect ratio increased. The 2.8 aspect-
ratio oval tube yielded a 10% lower heat transfer coefficient 
and a 41% lower pressure drop than the round tube. 

Webb and Iyengar [8] compared the air-side performance of 
a 1024 fins/m louver finned two-row oval tube heat exchanger 
with that of a two-row finned tube heat exchanger having 8.0 
mm round tubes and convex louvered fins at 807 fins/m, 
tested by Wang et al. [9]. The oval tubes had 5.0 x 8.0 mm 
cross section, and were arranged in-line with 16 mm trans-
verse pitch. Operating at the same velocity, the comparison 
revealed that heat transfer coefficients of the oval tube were 
approximately the same as those of the round tube and pres-
sure drops of the oval tube were 10% lower than those of the 
round tube. However, information on the air-side performance 
of the oval geometry was limited due to proprietary reasons.  

The above literature survey reveals that almost no investiga-
tion is available on the experimental heat transfer and pressure 
drop data of a finned-tube heat exchanger having oval (or flat) 
tubes. In this study, a louver-finned heat exchanger having flat 
tubes was tested, and the results were compared with those of 
the state-of-the-art louver-finned heat exchanger having round 
tubes. The flat tube had the same perimeter as the round tube. 

Tests were conducted under dry and wet surface conditions.  
 

2. Experiments 

2.1 Heat exchanger samples 

Geometric details of the flat tube heat exchanger are listed 
in Table 1. The flat tube heat exchanger has a single row with 
17.0 mm transverse tube pitch. Flow depth is 22.0 mm, and 
fin pitch is 1.4 mm. Details of the flat tube and the fin configu-
ration are shown in Fig. 1. The flat tube was made from a 
circular tube having a 7.0 mm outer diameter, and the cross-
sectional dimension was 9.5 mm x 3.5 mm. Four unidirec-
tional louvers with 3.1 mm louver pitch, 6.5 mm louver length 
and 15 degree louver angle are formed on the fin. The width 
and height of the heat exchanger are 398 mm and 308 mm. 
The round tube heat exchanger has two tube rows with 21.0 
mm transverse tube pitch and 12.7 mm longitudinal tube pitch. 
Flow depth is 25.4 mm, which is 15% larger than that of the 
flat tube heat exchanger. The tube outer diameter is 7.0 mm, 
the perimeter of which is the same as that of the flat tube. Fin 
pitch is 1.4 mm, which is the same as that of the flat tube heat 
exchanger. X-patterned louvers with 1.4 mm louver pitch, 24 
degree louver angle are formed on the fin as shown in Fig. 1. 
One thing to note is that both heat exchangers have approxi-
mately the same air-side heat transfer area. The air-side heat 
transfer area of the flat tube heat exchanger is 94% that of the 
circular tube heat exchanger. For both heat exchangers, fins 
were not hydrophilic treated. Tube inner surfaces were smooth 
for both heat exchangers, and the tubes were circuited to 
cross-counter configuration with single inlet and outlet.  

Of particular interest of the flat or oval tube heat exchanger 
is the internal pressure limit, outside which the heat exchanger 
deforms or bursts. Separate pressure tests were conducted for 

Table1. Specifications of round tube and flat tube heat exchanger. 
 

 Round tube Flat tube 

Shape 

  
Row 2 1 

Tube size 7.0mm dia. 3.5mm×9.5mm 

Fin pitch 1.4mm 1.4mm 

Transverse tube pitch 21.0 mm 17.0 mm 

Longitudinal tube pitch 12.7 mm 22.0 mm 

Fin thickness 0.10 mm 0.14 mm 

Tube thickness 0.32 mm 0.50 mm 

Fin pattern louver louver 

Sample frontal size 398mm ×295mm 398mm ×308mm

 
(a) Flat tube 

 

 
(b) Round tube 

 
Fig. 1. Heat exchanger geometry. 
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the present flat tube heat exchanger, through which the defor-
mation and the burst pressure turned out to be 35 bar and 50 
bar, respectively. Webb and Iyengar [8] report the design 
pressures of a refrigerant condenser, which are 24 bar for 
R134a, 34 bar for R22 and 49 bar for R410A. Thus, the pre-
sent flat tube heat exchanger may be used for a refrigerant 
condenser, although safety margins may not be enough.  

 
2.2 Test apparatus and procedures 

A schematic drawing of the apparatus is shown in Fig. 2. It 
consists of a suction-type wind tunnel, water circulation and 
control units, and a data acquisition system. The apparatus is 
situated in a constant temperature and humidity chamber. The 
air-side inlet condition of the heat exchanger is maintained by 
controlling the chamber temperature and humidity. The inlet 
and outlet dry and wet bulb temperatures are measured by the 
sampling method suggested in ASHRAE Standard 41.1 [10]. 
Behind the test sample, a diffusion baffle is installed to mix 
the outlet air. The waterside inlet condition is maintained by 
regulating the flow rate and the outlet temperature of the con-
stant temperature bath situated outside of the chamber. Both 
the air and the water temperatures are measured by pre-
calibrated RTDs (Pt-100Ω  sensors). Their accuracies are ±  
0.1 K. The water flow rate is measured by a mass flow meter, 
whose accuracy is ±  0.0015 liter/s. The airside pressure 
drop across the heat exchanger is measured using a differential 
pressure transducer. The air flow rate is measured using a 
nozzle pressure difference according to ASHRAE Standard 
41.2 [11]. The accuracy of the differential pressure transducers 
is ± 1.0 Pa. The wind tunnel is equipped with multiple noz-
zles, and an appropriate one is selected depending on the air 
velocity. 

For dry surface tests, the water inlet temperature was held at 
50oC and the chamber temperature was maintained at 21oC 
with 60% relative humidity. For wet surface tests, the water 
inlet temperature was held at 6oC and the chamber tempera-
ture was maintained at 27oC with 80% relative humidity. The 
high relative humidity was needed to ensure fully wet surface 
of the heat exchanger. Experiments were conducted varying 

the frontal air velocity from 0.5 m/s to 3.0 m/s. The energy 
balance between the air-side and the tube-side was within 
± 2% for the air velocity larger than 1.0 m/s. It was increased 
to ± 5% at the air velocity of 0.5 m/s. All the data signals 
were collected and converted by a data acquisition system (a 
hybrid recorder). The data were then transmitted to a personal 
computer for further manipulation. An uncertainty analysis 
was conducted following ASHRAE Standard 41.5 [12], and 
the results are listed in Table 2. The major uncertainty on the 
friction factor was the uncertainty of the differential pressure 
measurement (± 10%), and the major uncertainty on the heat 
transfer coefficient (or j factor) was that of the tube-side heat 
transfer coefficient (± 10%). The uncertainties decreased as 
Reynolds number increased. 

 
2.3 Data reduction 

2.3.1 Dry surface 
Total heat transfer rate used for the calculation of airside 

heat transfer coefficient was obtained from the average of Qo 
and Qi. 
 

( ) / 2o iQ Q Q= +    (1) 

, ,( )o air pa air out air inQ m c T T= −   (2) 

, ,( )i w pw w in w outQ m c T T= −   (3) 
 

The tube-side of the two-row round tube heat exchanger is 
circuited cross-counter, and UA value is obtained from the 
following equations [13]. 

 
2( )p airUA mc NTU=   (4) 

2 2ln(1 )NTU K=− −   (5) 
 

The K is obtained from the following equations. 
 

1(1 )exp(2 )
2 2 1
K K KR

RP
+ − =

−
  (6) 

, ,

, ,

air out air in

w in air in

T T
P

T T
−

=
−

  (7) 

, ,

, ,

w in w out

air out air in

T T
R

T T
−

=
−

   (8) 

 
For the one-row flat tube heat exchanger, a cross-flow 

NTUε−  equation is appropriate. The airside heat transfer 
coefficient oh  is then calculated by subtracting the water-

 
Fig. 2. Schematic of the apparatus. 

Table 2. Experimental uncertainties. 
 

Parameter Max. Uncertainties 
Temperature ±  0.1 °C 

Differential pressure ±  1 Pa 
Water flow rate ±  1.5×10-6 m3/s 

ReDh ±  2% 
f ±  10 % 
j ±  12% 
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side and wall resistances from the total thermal resistance. 
 

1 1 1

o o o i i t t

t
h A UA h A k Aη

= − −   (9) 

 
where oη  is the overall surface efficiency of heat exchanger, 
“t” is the thickness of tube wall, and subscripts “o” and “i” 
stand for air and tube sides, respectively. The tube-side heat 
transfer coefficient ih  is evaluated from the Gnielinski [14] 
semi-empirical correlation. 
 

,
2 / 3

,

(Re 1000)Pr ( / 2)

1.0 12.7 / 2(Pr 1)
Dh i i ii

i
h i i i

fkh
D f

⎛ ⎞ −⎟⎜ ⎟⎜= ⎟⎜ ⎟⎜ ⎟⎜ + −⎝ ⎠
  (10) 

 
where 
 

2
,1.58ln(Re 3.28)i Dh if

−⎡ ⎤= −⎢ ⎥⎣ ⎦   (11) 
 
For an accurate assessment of the airside heat transfer coeffi-
cient, it is important to minimize the tube-side thermal resis-
tance. Throughout the experiment, the tube-side thermal resis-
tance was less than 10% of the total thermal resistance. 

The surface efficiency oη  is obtained from Eq. (12). 
 

1 (1 )f
o

o

A
A

η η= − −   (12) 

 
For the two-row round tube geometry, the fin efficiency is 
given by Schmidt [15] as 
 

tanh( )c

c

mr
mr

φη
φ

=   (13) 

 
where 
 

2 o

f f

hm
k t

=   (14)  

( 1)[1 0.35ln( )]eq eq

c c

R R
r r

φ= − +   (15) 

2 2
0.5( / 2)

0.635 ( 0.3)
/ 2

eq t lt

c c t

R P PP
r r P

+
= −   (16) 

 
For the one-row flat-tube geometry, the oval-tube fin effi-
ciency equation given by Min et al. [16] was used. Their equa-
tion has a similar form as Schmidt’s equation [15]. Same Eqs. 
(13), (14) and (15) are applicable with  
 

1 2.15 0.722.3 [0.855 ln ( 3)]
c

eq x

c

R
e e x

r

− −= + + +   (17) 

 
In Eq. (17), “x” is the ratio of the major and minor diameter of 
the oval (or flat) tube, and “c” is the ratio of outer and inner 
perimeter of equivalent circular fin. The “c” is obtained from  

 

2 /eqc R Cπ=   (18) 
[1.5( ) ]C a b abπ= + −   (19) 

0.50.64 ( 0.2)l
eq t

t

PR P
P

= −   (20) 

 

In Eq. (19), “a” is a major and “b” is a minor dimension of the 
flat tube. With Eqs. (12) to (20), an iterative procedure is 
needed to obtain the airside heat transfer coefficient oh . The 
heat transfer coefficient is traditionally presented as the Col-
burn j factor. As for the Reynolds number, a hydraulic-
diameter-based Reynolds number was used.  
 

maxRe h
Dh

V D
ν

=   (21) 

2/3

max
Pro

o
o po

hj
V cρ

=   (22) 

 
In Eqs. (21) and (22), maxV  is the maximum velocity in the 
core of the heat exchanger. All the fluid properties were eva-
luated at an average air temperature. The core friction factor is 
calculated from the measured pressure drop. 
 

2
2

max

2[ (1 )( 1)]
( )

c m in in

o in outm

A Pf
A V

ρ ρ ρσ
ρ ρρ

∆= − + −   (23) 

 
In Eq. (23), the entrance and the exit loss coefficients are ne-
glected following the suggestion by Wang et al. [17]. 

 
2.3.2 Wet surface 

Eq. (1) is used to calculate the average heat transfer rate, 
with the air-side heat transfer rate obtained from the enthalpy 
difference between the inlet and the outlet. 
 

, ,( )o air air oout air inQ m i i= −   (24) 
 
For the wet surface analysis of two-row round tube heat ex-
changer, Eqs. (4)-(8) are applicable with the following modifi-
cations.  

 
2( )airUA m NTU=   (25) 

2 2ln(1 )NTU K=− −   (26) 
 

The K is obtained from the following equations. 
 

1(1 )exp(2 )
2 2 1
K K KR

RP
+ − =

−
  (27) 

, ,

, ,

w in w out

air out air in

i i
R

i i
−

=
−

  (28) 

, ,

, ,

air out air in

w in air in

i i
P

i i
−

=
−

  (29) 

 
The effectiveness and NTU definitions for wet surface anal-

ysis of one-row flat tube heat exchanger are as follows [18]. 
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min , ,( )air in w in

Q
C i i

ε=
−

  (30) 

12min

max 12

min[ ,( / )]
max[ ,( / )]

air w pw r
r

air w pw r

m m c bCC
C m m c b

= =   (31) 

 
The UA value is obtained from the following equation. 
 

minUA C NTU=   (32) 
 
The wet surface heat transfer coefficient owh  is then calcu-
lated by subtracting the water-side and wall resistances from 
the total thermal resistance. 
 

1 pwm r

o ow o i i t t

b tb b
h A UA h A k Aη

= − −   (33) 

 
The values rb , pb , and wmb  in Eq. (33) are the slopes of 

the saturated air enthalpy – temperature curves at the mean 
coolant temperature, the mean tube wall temperature and the 
mean water film temperature on the air-side surface, respec-
tively. The sensible heat transfer coefficient oh  is finally 

obtained from the wet surface heat transfer coefficient owh  
using the following relationship [18]. 

 
pa

o
wm ow

c
h

b h

⎛ ⎞⎟⎜ ⎟= ⎜ ⎟⎜ ⎟⎟⎜⎝ ⎠
  (34) 

 
For the wet surface fin efficiency, Eqs. (12)-(20) are applica-
ble with modification of Eq. (14) to Eq. (35).  
 

2 ow

f f

hm
k t

=   (35) 

 
The wet surface j factor [Eq. (22)] is determined from the 
sensible heat transfer coefficient oh .  
 

3. Results and discussions 

3.1 Dry surface  

Fig. 3 shows the test results under dry condition. The ordi-
nates are heat transfer coefficient oh  and pressure drop per 
unit depth /P L∆ , while the abscissa is the frontal velocity. 
At high frontal velocities, oh  and /P L∆  of the round-tube 
heat exchanger are significantly larger than those of flat-tube 
heat exchanger. At a frontal velocity 2.5 m/s, for example, oh  
of the round tube heat exchanger is 31% larger than that of the 
flat tube heat exchanger, and /P L∆  of the round tube heat 
exchanger is 147% larger than that of the flat tube heat ex-
changer. As the velocity decreases, however, oh  and /P L∆  
of the round tube heat exchanger decrease at steeper slopes 
than those of the flat-tube heat exchanger, yielding approxi-
mately the same values at 0.5 m/s (when round tube data are 
extrapolated to 0.5 m/s). The difference in the slope suggests 
that heat transfer and friction characteristics of the two heat 
exchangers are different. This point will be elaborated in the 
following paragraph. The surface efficiencies were calculated, 
which yielded 83 to 91 % for the round tube heat exchanger, 
and 75 to 84 % for the flat tube heat exchanger. The surface 
efficiency decreased as the frontal velocity increased. 

The j and f factors of the two heat exchangers are shown in 
Fig. 4 as a function of hydraulic-diameter-based Reynolds 
number. Fig. 4 shows that, at high Reynolds numbers, both j 
and f factors of the round tube heat exchanger are larger than 
those of the flat tube heat exchanger. At the Reynolds number 
450, for example, the j factor of the round tube heat exchanger 
is 10% larger than that of the flat tube heat exchanger, and the 
f factor of the round tube heat exchanger is 46% larger than 
that of the flat tube heat exchanger. As the Reynolds number 
decreases, however, the j and f factors of the flat tube heat 
exchanger increase at steeper slopes than those of the round 
tube heat exchanger, yielding higher values at low Reynolds 
numbers. The cross-over Reynolds numbers are approxi-
mately 170 for the f factor and 200 for the j factor.  

The characteristic geometry of the flat tube heat exchanger 
may be thought to be a flat plate, where Reynolds number 

1 2 3 4
10

100

1000

h o 
 (W

/m
2 K

)  
   

 ∆
P/

L 
(P

a/
m

)

Vin  (m/s)

        Dry Condition
 Round-Tube H-X
 Flat-Tube H-X

0.5

4000

 
Fig. 3. Air-side heat transfer coefficient and pressure drop per unit
depth of the two heat exchangers under dry condition as a function of
frontal air velocity. 
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Fig. 4. Air-side j and f factors of the two heat exchangers under dry
condition as a function of Reynolds number. 
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exponents are -0.5 both for j and f factors [19]. On the other 
hand, the characteristic geometry of the round tube heat ex-
changer may be thought to be a combination of flat plate and 
cylinders. The Reynolds number exponents of a cylinder at the 
present tube-diameter-based Reynolds number range (which is 
500 ~ 2000) are -0.5 for j factor and -0.23 for f factor [19]. 
Thus, it is expected that Reynolds number exponents of the j 
factors are approximately the same for both heat exchangers, 
whereas the Reynolds number exponent of the f factor is lar-
ger for the flat tube heat exchanger. Fig. 4 indeed shows the 
expected trend. Reynolds number exponents of the flat tube 
heat exchanger were -0.64 for the j factor and -0.83 for the f 
factor, and the exponents of the round tube heat exchanger 
were -0.48 for j and -0.38 for f.  
 
3.2 Wet surface  

Test results under wet condition are shown in Fig. 5. The 
flat tube heat exchanger yields higher oh  and /P L∆ , al-
though the difference is not significant. This result is in con-
trast to the dry surface, where oh  and /P L∆  were higher 
for the round-tube heat exchanger. Fig. 5 shows that the oh of 

the flat tube heat exchanger are 6-8% higher than those of the 
round tube heat exchanger. The /P L∆ of the flat tube heat 
exchanger are 3-5% higher, although the trend is reversed at 
high frontal velocities. The wet surface efficiencies were cal-
culated, which yielded 69 to 81 % for the round tube heat 
exchanger, and 47 to 63 % for the flat plate heat exchanger. In 
general, fin efficiency is lower under wet condition than under 
dry condition because the wet surface heat transfer coefficient 

owh  is larger than the dry surface heat transfer coefficient oh .  
The j and f factors under wet condition are shown in Fig. 6 

as a function of Reynolds number. Fig. 6 shows that both the j 
and f factors of the flat tube heat exchanger are larger than 
those of the round tube heat exchanger. The j and f of the flat 
tube heat exchanger are 23-29 % and 51-80% larger than 
those of round tube heat exchanger. This result is in contrast to 
the dry surface, where round tube heat exchanger yielded 
higher j and f factors, except at low Reynolds numbers. The 
present wet surface tests were conducted with the heat ex-
changer surface fully wet with the condensate. In such a case, 
the condensate drainage characteristics may significantly af-
fect the heat transfer and pressure drop of the heat exchanger. 
The significant increase of the f factor for the flat tube heat 
exchanger and the decrease of j factor for the round tube heat 
exchanger may be related to the condensate drainage charac-
teristics of the heat exchanger. This point will be further 
elaborated in the following paragraph.  

Fig. 6 shows that Reynolds exponents of the two heat ex-
changers are approximately the same (between -0.4 and -0.6). 
Under wet condition, the surface becomes rough with conden-
sate drops or films. This will be especially true for the present 
untreated surfaces. In such a case, the heat transfer and friction 
characteristics will be governed by the rough surface and the 
presence of tubes may not significantly affect the heat transfer 
and friction characteristics of the heat exchanger. On the other 
hand, under dry condition, round tubes significantly affected 
the heat transfer and pressure drop characteristics of the heat 
exchanger as previously discussed. 

The dry and wet surface j and f factors of the two heat ex-
changers are compared in Fig. 7. For the flat tube heat ex-
changer, the j factors of the wet surface are approximately the 
same as those of dry surface. For the round tube heat ex-
changer, however, wet surface j factors are 2-23% lower than 
dry ones. The reason may be attributed to the difference in 
louver pitch, which is 3.1 mm for the flat tube heat exchanger 
and 1.4 mm for the round tube heat exchanger. For louvered 
surfaces under wet condition, condensate may bridge between 
louvers as identified by McLaughlin and Webb [20]. Under 
such circumstances, the heat transfer coefficient decreases 
significantly because the air flow no longer follows louvers 
and instead passes through the duct formed by fins [1]. It is 
speculated that this happened to louvered fins of the round 
tube heat exchanger, which resulted in the decrease of j factors 
as compared with those of the dry surface. The fins of the flat 
tube heat exchanger had large louver pitch of 3.1 mm, and 
thus, the condensate bridging did not occur, which resulted in 
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  (
W
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2 K

)  
   

  ∆
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L 
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m

)
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Fig. 5. Air-side heat transfer coefficient and pressure drop per unit
depth of the two heat exchangers under wet condition as a function of
frontal air velocity. 
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Fig. 6. Air-side j and f factors of the two heat exchangers under wet
condition as a function of Reynolds number. 
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the same j factors between dry and wet surfaces.  
Fig. 7 shows that the f increase between wet and dry surface 

is more pronounced for the flat tube heat exchanger as com-
pared with that of the round tube heat exchanger. The increase 
is 86-235% for the flat tube heat exchanger, and 44-52% for 
the round tube heat exchanger. The pronounced increase of f 
factor for the flat tube heat exchanger may be attributed to the 
poor condensate drainage characteristics of the flat tube heat 
exchanger. For the flat tube heat exchanger, flat tubes may 
retard the smooth down-flow of the condensate, and the ac-
cumulated condensate chunks increase the pressure drop. For 
the round tube heat exchanger, however, the condensate is 
expected to flow down smoothly. One thing to mention is that 
the present fins are not hydrophilically treated. Hydrophilic 
treatment will ease the condensate flow and reduce the pres-
sure drop. 

In Fig. 8, 1/3/j f  values of the two heat exchangers are 
plotted as a function of Reynolds number. As described by 
Webb and Kim [1], the ratio of the air-side performance 

o oh A  (or heat duty) is given by Eq. (36) for the same heat 
transfer area and pumping power constraints. 
 

1/3

1/3
( ) ( / )
( ) ( / )

o o f f

o o r r

h A j f
h A j f

=   (36) 

 
Fig. 8 shows that 1/3/j f  values are approximately the 

same for the two heat exchangers, although slightly better 

results are identified for the flat tube heat exchanger at low or 
high Reynolds numbers.  
 

4. Conclusions 

Heat transfer and pressure drop data of a one-row flat tube 
heat exchanger were experimentally obtained, and the data 
compared with those of the state-of-the-art two-row round 
tube heat exchanger. For both heat exchangers, the tube pe-
rimeter and fin pitch are the same. However, the flow depth of 
the round tube heat exchanger is 15% larger than that of the 
flat tube heat exchanger. Tests were conducted under dry and 
wet condition. Listed below are the major findings. 

Under dry condition, both j and f factors of the round tube 
heat exchanger are larger than those of the flat tube heat ex-
changer, especially at high Reynolds numbers. As the Rey-
nolds number decreases, however, j and f factors of the flat 
tube heat exchanger increase at steeper slopes than those of 
the round tube heat exchanger, yielding higher j and f factors.  

Under wet condition, both j and f factors of the flat tube 
heat exchanger are larger than those of the round tube heat 
exchanger. 

For the flat tube heat exchanger, wet surface j factors are 
approximately the same as those of a dry surface. For the 
round tube heat exchanger, however, wet surface j factors are 
lower than dry ones, the reason of which may be attributed to 
the condensate bridging between louvers.  

The f factor increase between wet and dry surface is more 
pronounced for the flat tube heat exchanger as compared with 

100 200 300 400 500
0.01

0.1

1
j  

   
   

   
   

   
   

   
   

   
 f

ReDh

Round-Tube H -X
 dry
 w et

 
(a) Round tube 

 

100 200 300 400 500
0.01

0.1

1

 

 
j  

   
   

   
   

   
   

   
   

   
 f

ReDh

Flat-Tube H-X
 dry
 wet

 
(b) Flat tube 

 
Fig. 7. Air-side j and f factors of the two heat exchangers under dry
and wet conditions as a function of Reynolds number. 
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Fig. 8 Air-side performance evaluation (j/f1/3) of the two heat exchang-
ers under dry and wet conditions as a function of Reynolds number. 
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that of the round tube heat exchanger. The pronounced in-
crease of f factor for the flat tube heat exchanger may be at-
tributed to the poor condensate drainage characteristics. 

The 1/3/j f  values of the two heat exchangers are ap-
proximately the same. 
 

Nomenclature------------------------------------------------------------------------ 

a : Major dimension of the flat tube (m) 
A : Heat transfer area (m2) 
b : Minor dimension of the flat tube (m) 
br12 : Slope of the air saturation curve between the inlet  
  and exit air temperature (J/kg·K) 
bp : Slope of the air saturation curve between the outside  
  and inside tube wall temperature (J/kg·K) 
br : Slope of the air saturation curve between the mean  
  tube and water temperature (J/kg·K) 
bwm : Slope of the air saturation curve at the mean water  
  film temperature of the airside surface (J/kg·K) 
c : Ratio of outer and inner perimeter of equivalent  
  circular fin (dimensionless) 
C : Tube perimeter (m) 
cp : Specific heat (J/kg·s)   
Cr : Heat capacity ratio (dimensionless) 
Dh : Hydraulic diameter (m) 
f : Airside friction factor (dimensionless) 
fi : Tube-side friction factor (dimensionless) 
h : Heat transfer coefficient (W/m2·K) 
i : Enthalpy (J/kg). 
j : Colburn j factor (dimensionless) 
k : Thermal conductivity, (W/m·K) 
L : Tube depth (m) 
m  : Mass flow rate (kg/s) 
NTU : Number of transfer units (dimensionless) 
Pl : Longitudinal tube pitch (m) 
Pt : Transverse tube pitch (m) 
Pr : Prandtl number (dimensionless) 
Q : Heat transfer rate (W) 
rc : Tube radius including fin collar (m) 
Req : Equivalent radius (m) 
ReDh : Reynolds number based on Dh (dimensionless) 
t : Tube wall thickness (m) 
T : Temperature (K) 
tf : Fin thickness (m) 
U : Overall heat transfer coefficient (W/m2·K) 
Vmax : Velocity based on the minimum flow area of the  
  frontal surface (m/s) 
 
Greek letters 

ε  : Thermal effectiveness (dimensionless) 
P∆  : Pressure loss (Pa) 

η  : Fin efficiency (dimensionless) 
oη  : Surface efficiency (dimensionless) 

ρ  : Density (kg/m3) 
ν  : Kinematic viscosity (m2/s) 

σ  : Contraction ratio of the cross-sectional area  
  (dimensionless) 
 
Subscripts 

2 : Subscript of NTU 
a : Air 
c : Heat exchanger core 
i    : Tube-side 
in : Inlet 
f   : Fin, flat tube 
m : Mean 
max ; Maximum 
min : Minimum 
o  : Outside 
out : Outlet 
r : Round tube 
t : Tube 
w : Water, wet surface 
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