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Condensation heat transfer of herringbone micro fin tubes✩
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Abstract

Experiments of in-tube condensation of R410A were carried out for a smooth tube, a helical micro fin tube and three types of herringbone
micro fin tubes, which have different fin height and helix angle. In the herringbone micro fin tube, the micro fins work to remove liquid
at fin-diverging parts and collect liquid at fin-converging parts. In the high mass velocity region the heat transfer coefficients of all the
herringbone tubes are higher than those of the helical micro fin tube. In the low mass velocity region, however, the heat transfer coefficients
of the herringbone micro fin tubes are slightly lower than those of the helical micro fin tube. The heat transfer coefficient is lower for smaller
helix angle tube and effect of fin height on the heat transfer is small. Pressure drop of the herringbone tube of which helix angle is small is
lower than that of the helical micro fin tube, while that of other tubes is higher. Flow configurations of the herringbone tubes were observed
with R123 as working fluid and the heat transfer enhancement mechanism is discussed. 2002 Éditions scientifiques et médicales Elsevier
SAS. All rights reserved.
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1. Introduction

From the end of 1970s, condensation and evaporation
heat transfer inside a horizontal tube in heat exchangers of
refrigeration systems and air conditioners is enhanced by
micro fin tubes, in which helical micro fins are installed
inside of the tube. It is known that the heat transfer
coefficient of the helical micro fin tubes is about two times
that of the smooth tube, while the pressure drop is not so
high. Up to the middle of 1990s, the micro fin tube has
been improved by changing the fin and groove shapes from
triangular to trapezoidal and by enlarging the fin height from
0.15∼ 0.18 mm to 0.18∼ 0.25 mm. The enhancement rate
becomes about 2.5 ∼ 3.0. Recently, herringbone micro fin
tubes reported by Okazaki et al. [1], Ebisu et al. [2] and
Miyara et al. [3] and cross-grooved micro fin tubes reported
by Chamra et al. [4] and Uchida et al. [5] are produced as
new advanced tubes. For both types of the tubes, it has been
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reported that the heat transfer coefficient is much higher
than that of the conventional helical micro fin tubes. The
herringbone micro fin tube, in which herringbone micro fins
are installed, is addressed in the present study. Because of
limited experimental data, the heat transfer enhancement
mechanism is not sufficiently explained and effects of fin
shape, fin direction, mass velocity, and fluid properties are
not clarified.

In this paper, the heat transfer coefficient and pressure
drop during the condensation of R410A inside a smooth
tube, a helical micro fin tube, and three types of herringbone
micro fin tubes are measured. Effects of fin height, helix
angle, and mass velocity are especially discussed. Flow
configurations at the tube outlet of the herringbone micro fin
tube are observed by using R123 as a working fluid. The heat
transfer enhancement mechanism of the herringbone micro
fin tube is also discussed.

2. Experimental method

The experimental apparatus is a vapor compression heat
pump loop composed of a compressor, an oil separator,
a test condenser, a subcooler, an expansion valve and an
evaporator. Cooling water kept at a constant temperature is
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Nomenclature

b fin space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
di inner diameter, or average inner diameter . . . m
do outer diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . m
G mass velocity . . . . . . . . . . . . . . . . . . . kg·m−2·s−1

k tube thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
l fin height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
p fin pitch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
P pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

Q heat transfer rate . . . . . . . . . . . . . . . . . . . . . . . . . W
t fin tip thickness . . . . . . . . . . . . . . . . . . . . . . . . . . m
T temperature . . . . . . . . . . . . . . . . . . . . . . . .◦C or K
x thermodynamic quality
z axial distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
�z length of subsection . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

α heat transfer coefficient, Eq. (1) . . W·m−2·K−1

α apex angle
β helix angle
λ dimensionless parameter, Eq. (5)
λw thermal conductivity of test

tube . . . . . . . . . . . . . . . . . . . . . . . . J·m−1·s−1·K−1

µ dynamic viscosity . . . . . . . . . . . . . . . . . . . . . . Pa·s
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

ψ dimensionless parameter, Eq. (6)

Subscripts

0 inlet of test condenser
A air at 1 atm and 20◦C
L liquid
s saturation
V vapor
wi inner wall surface of test tube
wo outer wall surface of test tube
W water at 1 atm and 20◦C

supplied to the test condenser from a cooling water unit.
The flow rate of the refrigerant is regulated by varying the
rotating speed of the compressor and opening the expansion
valve and it is measured by a mass flow meter. Although
the concentration of refrigeration oil has not been measured
experimentally, it is estimated to be about 0.1% at the
oil separator outlet. Therefore, the influence of the oil is
ignored.

Fig. 1(a) shows an outline of the test section. The test
section is a horizontally installed double tube heat exchanger
with a length of 4 meters. Refrigerant flows inside an inner
tube and cooling water flows through the annular space in
counter current. In order to measure quasi-local heat transfer,
the annular channel is divided into 12 subsections. Effective
heat transfer length of the subsection is 300 mm. The inner
tube is a test tube made of copper of 7.0 mm outer diameter.
Inner diameter of the outer tube is 11.1 mm.

Temperature of cooling water is measured at inlet/outlet
of each subsection. At the central positions of each sub-
section the circumferential temperature distribution of the
outer surface of the inner test tube is measured with copper-
constantan thermocouples. As shown in Fig. 1(b), the four
constantan wires with a diameter of 0.1 mm are welded on
the top, bottom, right and left sides of the test tube, and a
copper wire with a diameter of 0.1 mm is welded 25 mm
away from the central position. The temperatures are mea-
sured at constantan-tube junctions and an effect of a tube-
copper junction is very small, because a difference of the ma-
terials is small. The electromotive force at the tube-copper
junction is about 4.5 × 10−5 mV·K−1, which affects on a
measurement only about 0.01 K per 1 K-temperature differ-
ence between junctions of constantan-tube and tub-copper.

Refrigerant temperature and pressure in the test tube are
measured at every 1 m length. Small amount of refriger-
ant is sampled after the subcooler and its concentration is
measured by a gas chromatograph. During a series of the
experiments of R410A, of which nominal concentration is
R32/R125 of 50/50 mass %, the concentration was slightly
different from the nominal concentration and that of R32
changed fractionally from 48.0 to 51.9 mass %. The mea-
sured concentrations were used to estimate the thermody-
namic and transport properties although the variations were
small. All the thermocouples were calibrated within an error
of ±0.05 K. An absolute pressure transducer and a differ-
ential pressure transducer were calibrated within errors of
±0.5 kPa and±0.05 kPa, respectively. Flow rates of the re-
frigerant and cooling water were measured with a mass flow
meter and a magnetic flow meter, respectively, in which they
were calibrated within errors of±6.0 × 10−5 kg·s−1 and
±2.5× 10−4 kg·s−1.

Refrigerant enters the test section as a superheated vapor
with superheat of 5∼ 7 K and leave it as a subcooled
liquid with subcool of 10∼ 12 K. Because the degree of
the superheat is small, there is a little effect on the heat
transfer coefficient. Enthalpy changes of the refrigerant and
the cooling water are compared and an error of the heat
balance is within±10%.

Configurations of the helical micro-fin tube and the
herringbone micro fin tube are illustrated in Fig. 2 and
dimensions of each tube are shown in Table 1. In the present
study a smooth tube S-1, a helical micro fin tube G-1, and
three types of herringbone micro fin tubes H-1∼ 3 are
tested.
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Fig. 1. Test section: (a) Outline of test section; (b) Thermocouple installation.

Fig. 2. Configurations of test tubes: (a) Helical micro fin tube; (b)
Herringbone micro fin tube; (c) Cross-section of fin.

In the herringbone micro fin tube, micro fins work to
remove liquid at fin-diverging parts and collect liquid at fin-
converging parts. The heat transfer is enhanced by making
thinner film at the diverging parts and by mixing the liquid
at the converging parts. When the tube is arranged as
the diverging parts are both sides and converging parts
are top and bottom, liquid is collected to the top and
bottom as shown in Fig. 3(a). On the other hand, when
the tube is arranged as diverging parts are top and bottom,
liquid is collected to the right and left sides as shown in
Fig. 3(b). Effects of the tube arrangement have been reported
elsewhere [6].

Table 1
Specification of test tubes

Test tube S-1 G-1 H-1 H-2 H-3

do [mm] 7.00 7.00 7.00 7.00 7.00
di [mm] 6.40 6.36 6.40 6.34 6.38
p [mm] – 0.41 0.35 0.35 0.33
l [mm] – 0.21 0.22 0.18 0.17
b [mm] – 0.20 0.23 0.15 0.18
t [mm] – 0.07 0.05 0.09 0.09
α [deg] – 41 18 33 20
β [deg] – 18 16 14 8
k [mm] – 0.25 0.25 0.27 0.27
number of fins – 50 58 59 62
area ratio 1.00 1.81 2.15 1.83 1.93

The quasi-local condensation heat transfer coefficient of
the each subsection is defined as follows.

α = q

Ts − Twi
(1)

Where,q is the heat flux obtained from the heat transfer rate
Q and length�z of each subsection, and the average inner
diameterdi , as follows:

q = Q

πdi�z
(2)

di = do − 2

[
k+ l(p+ t − b)

2p

]
(3)

The average diameterdi is an equivalent smooth tube di-
ameter of which cross-section is equal to that of the micro-
fin tube. The heat flux is defined with Eq. (2), because the
mean inner diameter can be consistently employed for cal-
culations of cross-sectional flow area, mass velocity, etc.Ts
is the saturation temperature calculated from the measured
pressure and heat transfer rate by assuming thermodynamic
equilibrium in tube cross-section. The representative inner
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Fig. 3. Arrangements of herringbone tube: (a) Type I; (b) Type II.

wall temperatureTwi is calculated from the arithmetic mean
of measured outer wall temperatureTwo and the heat transfer
rate by using the following heat conduction equation.

Twi = Two +Q
ln(do/di)

2π�zλw
(4)

λw is the thermal conductivity of the copper tube. In the
present experiment, the temperature difference betweenTwi
and Two was less than 0.03 K. Uncertainty of the heat
transfer coefficient is estimated±10∼ 40%.

Experiments were carried out under the conditions of
saturation temperature at test section inlet ofTs = 40◦C,
mass velocity ofG = 100, 200, 300, and 400 kg·m−2·s−1.
The working fluid is R410A, which is a quasi-azeotropic
refrigerant mixture and may be treated in the same manner
as a pure refrigerant because mass transfer effects are very
small.

Flow configurations at tube outlet are observed by us-
ing R123 with another experimental apparatus. The ex-
perimental conditions are mass velocityG = 100, 200,
300 kg·m−2·s−1, pressurep = 0.2 MPa, and qualityx = 0.1
to 0.9 by 0.1 interval. Because of the pressure limitation of
the apparatus, R410A could not be used as a working fluid.

Thermodynamic and transport properties of refrigerant
are obtained by NIST REFPROP Ver. 6 [7].

3. Experimental results and discussions

Fig. 4 shows measured heat transfer coefficients of
the smooth tube S-1, the helical micro fin tube G-1 and
the three types of the herringbone micro fin tubes H-
1 ∼ 3 for three mass velocity conditions,G = 100, 300
and 400 kg·m−2·s−1. The abscissa is wetness 1− x,
which correspond to the refrigerant flow direction.x is
thermodynamic equilibrium quality. All the herringbone
micro fin tubes are arranged as type-I, in which liquid is
collected to tube top and bottom parts. For all the conditions

of all the tubes, the heat transfer coefficient decreases along
downstream, as typical in-tube condensation behavior. The
heat transfer coefficient of the helical micro fin tube is
about 2 to 3 times higher than that of the smooth tube
and the effect of mass velocity is very small. In the case
of the herringbone micro fin tubes, H-1, H-2, and H-3,
the heat transfer coefficient strongly depends on the mass
velocity. The heat transfer coefficients of all the herringbone
tubes are higher for higher mass velocity. ForG= 300 and
400 kg·m−2·s−1, they are higher than those of the helical
micro fin tube. However, forG= 100 kg·m−2·s−1, they are
slightly lower. Even at high mass velocity, the enhancement
rate is low in the high wetness region, 1− x > 0.6∼ 0.7 for
G = 300 kg·m−2·s−1 and 1− x > 0.7 ∼ 0.8 for G = 400
kg·m−2·s−1.

Effects of the fin height are compared with comparison
between H-1 and H-2. The heat transfer coefficients of both
the tubes show almost the same values for all the mass
velocity conditions. Because the fin apex angleα is smaller
for the higher fin tube H-1 and the fin spaceb is bigger for
H-1, which would work to enhance the heat transfer, effects
of fin height may be ignored. This result is different from
Kasai et al. [8] ones. They reported that higher heat transfer
was obtained for the larger fin height. This difference may
be caused by different experimental conditions. Fin heights
of herringbone micro fin tube they used are 0.15 mm and
0.18 mm and the present ones are 0.18 mm and 0.22 mm.
Therefore, it may be concluded that the effect of fin height
is small if it is larger than 0.18 mm.

Effects of helix angle can be seen with the results of
H-2 and H-3. In the low mass velocity condition,G =
100 kg·m−2·s−1, both the tubes show almost the same heat
transfer coefficient again. However, at high mass velocity
condition the heat transfer coefficient of H-3, which has
smaller helix angle, is lower than that of H-2, which has
larger helix angle, while it is still higher than that of the
helical micro fin tube G-1. The difference between H-2 and
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Fig. 4. Heat transfer coefficients of smooth, helical micro fin, and three
types of the herringbone micro fin tubes for different mass velocity.

H-3 is somewhat larger forG = 300 kg·m−2·s−1 than for
G = 400 kg·m−2·s−1. This result indicates that the liquid
removal force is stronger for lager helix angle and the liquid
film at the fin diverging part is thinner and its area is larger.

Because the heat transfer is enhanced by removing and
collecting liquid, the heat transfer coefficient varies circum-
ferentially, with higher heat transfer coefficient at fin diverg-
ing part and lower at fin converging part. The circumferential
variation of the heat transfer coefficient, however, cannot be
determined in the present experiment, since circumferential
variation of heat flux cannot be measured. The circumfer-
ential temperature distribution may give good information
for insight into situations of the circumferential heat trans-
fer distribution. The wall temperature at a position where
the heat transfer coefficient is the highest is presumably the
highest. Fig. 5(a) and (b) show axial variation of the cir-
cumferential temperature distributions on the outer surface
of the herringbone micro fin tube H-2 for mass velocities of
G = 100 and 400 kg·m−2·s−1, where the temperature dif-
ference between the mean valueTwo and the local valuesT
at tube top, bottom, right and left sides are indicated. In the
case ofG = 400 kg·m−2·s−1 the temperatures of right and
left sides are higher than those of top and bottom in most of
the condensing region, although the data are fairly scattered.
ForG= 100 kg·m−2·s−1, however, the temperature at tube
top is the highest, although temperatures at both sides tend

(a)

(b)

Fig. 5. Axial variations of the circumferential temperature distributions on
the outer surface: (a)G= 100 kg·m−2·s−1; (b)G= 400 kg·m−2·s−1.

to be higher at some point. These facts suggest that the liquid
removal by the herringbone fins is not sufficiently available
at low mass velocity condition.

In order to prove the effect of the herringbone fins on
the liquid removal and collection, the flow configuration
is observed at tube outlet by using another experimental
apparatus. Because of pressure limit of the apparatus, R123
at 0.2 MPa is used as a working fluid instead of R410A.
Fig. 6 shows typical photographs of H-1 for low and high
mass velocity conditions,G = 100 and 300 kg·m−2·s−1, at
same quality,x = 0.3. At low mass velocity, tube bottom is
covered with thick liquid film and the liquid flows out only
from the tube bottom part. On the other hand, at high mass
velocity, the liquid flows out from the bottom and top of the
tube. From this observation, it may be concluded that the
liquid removal and collection by the herringbone micro fins
is effective in the high mass velocity region and ineffective
in the low mass velocity region, which corresponds with the
results obtained from the circumferential wall temperature
distributions. Therefore, the heat transfer is enhanced only
in the high mass velocity region, as shown in Fig. 4. Since
only the qualitative flow observation is carried out and
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(a)

(b)

Fig. 6. Flow configuration at tube outlet of a herringbone micro fin tube: (a)
G= 100 kg·m−2·s−1 andx = 0.3; (b)G= 300 kg·m−2·s−1 andx = 0.3.

the quantitative information cannot be measured, difference
between three tube types, H-1, H-2 and H-3, is not observed.

Experimental conditions, in which flow configurations
have been observed, are plotted on the modified Baker flow
pattern map as shown in Fig. 7. The open symbols show
the conditions where effect of herringbone fins is observed,
which means that thick liquid films flow out from tube
top and bottom like in Fig. 3(a) and in Fig. 6(b). On the
other hand, closed symbols show the conditions where the
herringbone fin effects are hardly observed like in Fig. 6(a).
Although Fig. 7 is obtained from observed results of H-1,
the flow configuration of H-2 and H-3 is similar to that of
H-1. Lines of state variation during condensation of R410A
for mass velocitiesG = 100, 300 and 400 kg·m−2·s−1 are
also plotted in the modified Baker flow pattern map.

The modified Baker flow pattern map is theoretically
applicable to all kinds of fluid. The parametersλ andψ in
the flow pattern map are defined by the following equations.

λ=
[(
ρV

ρA

)(
ρL

ρW

)]1/2

(5)

ψ = σW

σ

[(
µL

µW

)(
ρW

ρL

)2]1/3

(6)

Where the subscripts A and W refer to the physical proper-
ties of air and water at 1 atm and 20◦C, respectively.

Complete collection of liquid to tube top and bottom is
observed in the high vapor velocity region, where vapor
quality criteria are lower for higher mass velocity, such

Fig. 7. Flow regime on the modified Baker flow pattern map.

as x � 0.6 for G = 100 kg·m−2·s−1, x � 0.3 for G =
200 kg·m−2·s−1, andx � 0.2 forG= 300 kg·m−2·s−1.

Although the modified Baker flow pattern map is for
smooth tube, it may be considered that if flow conditions
fall on the same place in the flow pattern map, the flow
configuration of R410A is similar to the one of R123.
As shown in Fig. 7, the variation of the state during
condensation forG = 100 kg·m−2·s−1 of R410A is on
the region in which herringbone effect is not observed by
flow configuration observation of R123. Therefore, it may
be concluded that this is the reason why the heat transfer
enhancements of all types of herringbone tubes at this mass
flow rate are low, even slightly lower than those of the
helical micro fin tube, and show the same values under
the low mass velocity conditionG = 100 kg·m−2·s−1. On
the other hand, most part of the lineG = 400 kg·m−2·s−1

for R410A exists on the region of complete liquid removal
and collection. These facts are the reason why a high heat
transfer enhancement is obtained, as shown in Fig. 4. The
following facts are also interesting. Steep decreases of the
heat transfer coefficient ofG = 400 kg·m−2·s−1 appear at
about 1− x = 0.7 for H-1 and H-2, and these qualities seem
to be criteria of the liquid removal available region, obtained
from the flow configuration, as shown in Fig. 7.

Fig. 8 shows the comparison of pressure drop between
the smooth tube S-1, the helical micro fin tube G-1, and
the three types of the herringbone micro fin tubes H-1∼ 3
under the three mass velocity conditionsG = 100, 300 and
400 kg·m−2·s−1. It is indicated as the pressure differences
between the test tube inletP0 and the local positionP ,
�P = P − P0. The data of the smooth tube forG =
100 kg·m−2·s−1 are not plotted because reliable data have
not been obtained. In the case ofG = 100 kg·m−2·s−1 the
pressure drops of all the tubes is small and the difference
of each tube is hardly observed. On the other hand, in the
case ofG = 300 and 400 kg·m−2·s−1 the difference of
each tube clearly appears. Pressure drops of H-1 and H-2
are higher than those of G-1, which agrees with previous
studies by Okazaki et al. [1], Ebisu et al. [2], Miyara et
al. [3]. On the other hand, pressure drops of H-3, which
has small helix angle, are lower than those of G-1. Because
the heat transfer coefficient of H-3 is higher than that of G-
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Fig. 8. Pressure drops of smooth, helical micro fin, and three types of the
herringbone micro fin tubes for different mass velocity.

1 as shown in Fig. 4, this is a desirable result. From the
comparison between H-1 and H-2, it is concluded that higher
fin height leads higher-pressure drop. Since the heat transfer
coefficient of H-1 and H-2 is almost the same, a higher fin is
not necessary for improved performance.

4. Conclusion

Condensation heat transfer and pressure drop of R410A
inside a smooth tube, a helical micro fin tube, and three
types of herringbone micro fin tubes have been mea-
sured and flow configurations of R123 have been ob-
served. From these results, following conclusions are ob-
tained.

(1) The heat transfer coefficients of all types of the herring-
bone micro fin tubes are higher than those of the heli-
cal micro fin tube under high mass velocity condition,
while they are slightly lower under low mass velocity
condition.

(2) Effects of fin height on the heat transfer are small in the
present experimental condition, while pressure drop is
larger for higher fin.

(3) Although the heat transfer coefficient and pressure drop
are lower for smaller helix angle, a herringbone micro
fin tube which has higher heat transfer coefficient and
lower pressure drop than those of a helical micro fin tube
exists.

(4) Liquid removal by the herringbone micro fins is effec-
tive only under high vapor velocity condition.

(5) The low mass velocity condition of R410A in which the
heat transfer enhancement is small corresponds to the
region in which effects of the herringbone fins on liquid
flow of R123 are hardly observed.
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