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Pressure Drop During Refrigerant
Condensation Inside Horizontal
Smooth, Helical Microfin, and
Herringbone Microfin Tubes
This paper presents a study of pressure drops during condensation inside a smoo
18-deg helical microfin, and a herringbone microfin tube. Measurements were cond
with refrigerant flowing through the tube of a concentric heat exchanger, with w
flowing in a counterflow direction in the annulus. Each tube was part of a conde
consisting of eight subcondensers with instrumentation preceding each subcond
Three refrigerants were used, namely, R-22, R-407C, and R-134a, all operating
saturation temperature of 40 °C with mass fluxes ranging from 400 to 800kg/m2 s. Inlet
qualities ranged from 0.85 to 0.95 and outlet qualities ranged from 0.05 to 0.15. The
results showed that on average for the three refrigerants the pressure gradients o
herringbone microfin tube were about 79% higher than that of the smooth tube and a
27% higher than that of the helical microfin tube. Further, a correlation from the lite
ture for predicting pressure drops inside a helical microfin tube was modified for
herringbone microfin tube. The modified correlation predicted the data to within an e
of 1% and had an absolute mean deviation of 6.8%. This modified correlation comp
well with a correlation from the literature that predicted the data to within an error of 7
@DOI: 10.1115/1.1795240#
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Introduction
Many types of augmentation techniques exist today, with tu

having internal microfins being most common. A study conduc
by Liebenberg@1#, using helical microfin tubes with an inner d
ameter of 8.9 mm, showed that these tubes have a heat tra
coefficient increase of about 200% compared to that of a smo
tube. With this increase in heat transfer coefficients, howe
there was also an increase in pressure drop. It was found
average, that this increase was about 100% higher than that in
a smooth tube. These pressure drops were attributed to th
creased vapor velocities in a helical microfin tube conden
brought about by the greater regions of annular flow, which in t
increases the turbulence inside the tube compared to a sm
tube @1#. The fins redistribute the liquid layer around the circum
ference of the tube, forcing the flow to become annular rather t
intermittent or stratified.

In the mid-1990s a new generation of microfin tube was be
developed, one of them being the herringbone microfin tube. T
tube consists of a double V-groove, as shown in Fig. 1(a), with
grooves embossed on the inner surface. The orientation was
sen such that the liquid would converge at the top and bottom
the tube and diverge at the sides@Fig. 1(b)]. Due to the effect of
gravity, especially at low velocities, the distribution of liquid
the bottom of the tube will be higher than at the top. The h
transfer enhancement, as explained by Miyara et al.@2#, is due to
the thin film layer on the sides and the mixing of the converg
liquid at the top and bottom of the tube.

Table 1 gives a short summary of the experimental conditi
used in previous work@3–5# on herringbone microfin tubes. Th

*Corresponding author.
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mass fluxes ranged from 100 to 400 kg/m2 s and in some cases ar
lower than required for heat-pump water-heater applicati
where the mass fluxes range up to 1000 kg/m2 s. Although smaller
tubes are being investigated by other researchers, especial
countries such as the US and Asia where tube diameters as lo
4 mm are being introduced, 3/8 in. (;9.5 mm) tubes are still the
most common tubes used in residential and commercial air c
ditioners, heat pumps, and refrigeration systems.

The objective of this paper is to first introduce experimen
findings of condensation pressure drops inside herringbone m
fin tubes at mass fluxes higher than were published be
(400– 800 kg/m2 s) and inside tubes with larger diameters~8.5
mm inside and 9.53 mm outside!. The second objective is to com
pare the experimental data of the herringbone microfin tube
experimental data on smooth and helical microfin tubes. Third,
pressure-drop data were used to develop a modified pressure
correlation for a herringbone microfin tube.

Experimental Facility
The experimental test facility consisted of two main su

systems: the vapor-compression loop and the water loops. A s
matic of the experimental setup is given in Fig. 2. Each of
sub-systems was of the closed-loop type. The vapor-compres
loop consisted of a hermetically sealed reciprocating compre
having a nominal cooling capacity of 9.6 kW, an oil separator w
a maximum discharge volume of 2.6 m3/h, a manually adjustable
expansion valve, a water-heated evaporator, and a water-co
test condenser. Three test condensers were used, namely, a s
tube, an 18-deg helical microfin tube, and a herringbone micr
tube. Geometric parameters of the tubes as well as their len
are given in Table 2. The lengths of the tubes were chosen
obtain an energy balance better than 1%. The orientation of
herringbone microfin tube was chosen such that the liquid c
verges at the top and bottom of the tube and diverges at the s

9,
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Fig. 1 a… Basic geometry of the herringbone microfin tube „not to scale … and b… an illustration of
how condensate is distributed inside the tube for the adopted orientation „exaggerated …
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Visual inspection ensured that the orientation of each tube
maintained during the manufacture of the condenser. S
glasses, cylindrical in shape, were used to visualize the flow
terns inside the tubes. The inner diameter of these sight gla
was the same as the inner diameter of the condenser tubes.
was done so that the flow inside the tubes would not be affec

The test condenser was of the tube-in-tube type with refrige
flowing in the inner tube and water flowing in a counterflow d
rection in the annulus. The cold and hot water loops were c
nected to the condenser and evaporator, respectively. On the
densing side the cold water was used as a heat sink, removin
latent heat from the condensing refrigerant. The water tempera
was kept constant in the range of 20– 25°C~depending on the
experiments conducted! in a 1000 l insulated reservoir connecte
to a 15 kW chiller. The water gauge pressure in the annulus
maintained between 70 and 140 kPa to prevent the formatio
air bubbles, which could affect temperature readings and the
transfer from the refrigerant to the water. A centrifugal pum
pumped the chilled water to the double-tube condenser. A ha
controlled valve controlled the water flow rate through the t
sections. After passing through the condenser, the water retu
to the reservoir of the chiller unit.

A similar hot water flow loop was used on the evaporating si
also with an insulated 1000 l reservoir, but connected to a 12
electric resistance heater. The reservoir water temperature
varied between 30°C and 40°C depending on the experim
conducted. Increasing or decreasing the temperature of the w
through the evaporator altered the refrigerant density at the c
pressor inlet and thus the refrigerant mass flow.

For the smooth and helical microfin tube, two resistance te
perature detectors~RTDs! were used prior to each subsectio
placed at the top and bottom of the inner tube. This was don
obtain an average temperature of the tube since the distributio
the liquid layer inside the tube would under- or overestimate
temperature measurement if only one RTD were used. For
herringbone microfin tube, however, the RTDs were placed at
top and on the side of the inner tube because the liquid
thickness on the top is much thicker than on the side. The abso
pressures of the condensing refrigerant were measured with p
electric pressure transducers, which were positioned at the inl
each condenser subsection. Two Coriolis mass flow metres w
used for the vapor compression loop and the cold-water loop.
6, OCTOBER 2004
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uncertainties of the instruments, given in Table 3, were calcula
by using the method of Kline and McClintock@6#.

Data Reduction

Deduction of Vapor Quality. The properties of the refriger
ant at the inlet and outlet of the condenser were determined
temperature and pressure measurements. From these mea
ments the thermophysical properties of the condensing refrige
were determined by interpolating the superheated~at the inlet of
the condenser! and subcooled~at the outlet of the condenser!
tables that were obtained from REFPROP@7#. The refrigerant
properties for the rest of the condenser~two-phase sections! were
determined by assuming that the calculated values of the
transferred to the water was more accurate than the values c
lated for the refrigerant. With this assumption the enthalpy val
of the refrigerant could be deduced. In the first test subsection
water heat flux was equated to the refrigerant heat flux~due to the
refrigerant enthalpy change! to obtain the outlet enthalpyho . This
outlet enthalpy was then used as the inlet enthalpyhi for the next
subsection. This procedure was repeated for all eight subsec
@1#.

The average sectional vapor quality was thus obtained by

xi5
hi2hL

hL2hV
with hL and hV measured atTi

xo5
ho2hL

hL2hV
with hL and hV measured atTo (1)

The average vapor quality of each test subsection was
determined as

x5
xi1xo

2
(2)

Pressure Drop and Pressure Gradients. The total pressure
drop was defined as

Dpi5Dpm1Dpf1Dpg (3)

where the momentum pressure dropDpm is defined as
Table 1 Experimental conditions of previous work done on herringbone microfin tubes

Ebisu and Torikoshi@3# Miyara et al.@4# Goto et al.@5#

Tube inside diameter@mm# 7 7 8
Total condenser length@m# 0.54 4 2
Refrigerant R-22, R-407C R-22, R-410A R-22, R-410A
Saturation temperature@°C# 50 40 40
Mass flux range@kg/m2 s# 150–400 100–400 200–340
Pressure-drop measurements Local Average Average
Correlation No Yes No
Transactions of the ASME
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Fig. 2 Schematic of the experimental facility
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The void fraction « used was that given by Rouhani an
Axelsson @8#. Since the tubes were horizontally positioned, t
gravitational pressure dropDpg was neglected. The frictiona
pressure dropDpf was calculated from known correlations o
tained in the literature.
Transfer
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The measured pressure between each subsection that wa
two-phase region was subtracted from each other to obtain
total experimental pressure drop per subsection. This in turn
divided by the subsection length to obtain the pressure drop
unit condenser length, or the pressure gradient.

Penalty Factor. The parameter used to compare the pressu
drop characteristics of the herringbone microfin tubes to thos
Table 2 Inner tube geometric parameters of the test condensers

Type Smooth Helical Herringbone

Material
Hard-drawn

copper
Hard-drawn

copper
Soft-drawn

copper

Helix angle,b @°# - 18 16
Apex angle,g @°# - 40 25
Number of fins,n @-# - 60 70
Fin base thickness,tb @mm# - 1.672 0.0887
Outside diameter,Do @mm# 9.52 9.55 9.51
Inside diameter,Di @mm# 8.11 8.94 8.52
Tube wall thickness,tw @mm# 1.4 0.307 0.3
Equivalent diameter,De @mm# 8.11 8.79 8.82
Fin height,e @mm# - 0.209 0.2
Actual flow area,Af a @m2# 51.731026 60.6431026 61.1631026

Condenser subsection length@m# 1.5 1.13 0.563
Condenser total length@m# 12 9 4.5
OCTOBER 2004, Vol. 126 Õ 689
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the smooth and helical microfin tube is the penalty factorPF. The
penalty factor is defined as the ratio of the measured total pres
gradient in the herringbone microfin tube to the measured t
pressure gradient in the smooth tube@Eq. ~5!# and the ratio of the
measured total pressure gradient in the herringbone microfin
to the measured total pressure gradient in the helical microfin@Eq.
~6!# as follows:

PF5S Dph

Dps
D (5)

PF5S Dph

Dphe
D (6)

Flow Regimes. With the aid of mini digital video camera
and the flow regime maps developed by Thome@9#, flow patterns
were identified within the tubes, thus allowing the determinat
of flow regime transitions. The Froude rate, defined as

Ft5F G2x3

~12x!rv
2gDi

G1/2

(7)

which is essentially the ratio relating the kinetic energy of t
vapor to the amount of energy required to pump the liquid fr
the bottom to the top of the tube. In regions where gravitatio
drag becomes dominant, the Froude rate expresses how the e
dissipation due to liquid waves and liquid mass movement aro
the tube’s diameter are related to the energy in the flow stream@1#.

Experimental Results
Prior to obtaining experimental data on the herringbone mic

fin tube, experiments were conducted on the smooth and he
microfin tubes. These data were compared to pressure-drop c
lations obtained from the literature. For the smooth tube
pressure-drop data were predicted on average for the three re
erants to within 33% using the correlation of Lockhart and M
tinelli @10#. The correlation of Cavallini et al.@11# was used for
the helical microfin tube and predicted the pressure-drop dat
within 13%.

Figure 3 shows the use of the flow regime maps of Thome@9#.
For the smooth tube, the transition quality was calculated in
manner described by Thome@9# and is given in Fig. 3(a). This
method was, however, only applicable for smooth tubes, an
new method needed to be developed for the helical and herr
bone microfin tubes. The method used by Liebenberg@1# for de-
termining the transition quality was implemented for the smo
tube, and the results differed by a quality of as little as 0.001. T
meant that this new method could be used for the helical
herringbone microfin tubes. The flow regime maps for the hel
and herringbone microfin tubes are given in Figs. 3(b) and 3(c).
In these maps the transition quality from annular to intermitt

Table 3 Estimated 95% uncertainties for the experimental in-
strumentation and Eq. „9… data

Measurements Uncertainty

Refrigerant temperature 0.14 K
Water temperature 0.11 K
Saturation temperature 0.12 K
Pressure 0.23%
Refrigerant mass flow rate 0.23%
Water mass flow rate 0.28%
Average quality 3.02%
Viscosity 0.10%
Density 0.03%
Re 1.02%
Xtt 3.82%
FL

2 4.46%
DpLo 4.80%
Dp 6.80%
690 Õ Vol. 126, OCTOBER 2004
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flow is different for each tube; the smooth tube having the high
transition quality and the herringbone microfin tube having
lowest.

Figure 4 shows a summary of the pressure gradients for
three refrigerants inside the smooth, helical microfin and herri
bone microfin tubes as a function of the average vapor qualit
mass fluxes of 400, 600, and 800 kg/m2 s. The overall trend for
the three refrigerants is that the pressure gradients increase
an increase in vapor quality. At high qualities where the press
gradients are the highest, the flow was found to be annular,
plying that the main reason for the drop in pressure was due to
increased turbulence formed by the high-velocity vap
generating friction against the liquid annulus. Looking at Eq.~7!,
the Froude rate has a high value for high qualities, and thus,
flow is shear dominated. As the quality decreases a transi
starts to occur between annular and intermittent flow and the
por and liquid velocities become similar. For this reason the pr
sure gradients are much lower and from Eq.~7! the Froude rate
has a small value, implying that the flow is gravity dominated

For the smooth tube this transition region occurred at a qua
of about 50%@12#. For the helical microfin and herringbone m
crofin tubes the transition occurred at a quality of 28% and 2
@12,13#, respectively. This is characterized by a sharp increas
pressure gradient at qualities higher than the transition quali
Thus, for the helical and herringbone microfin tubes, due to
increased turbulence generated by the fins, annular flow oc
over a larger vapor-quality region than for the smooth tube. Thi
visually shown in Table 4 from the captured video images. Loo
ing at a quality of about 0.46, for the smooth tube the flow
intermittent, with slugs and plugs forming at the top of the tub
while the helical and herringbone microfin tubes are still in ann
lar flow, noting that there is a liquid film layer around the circum
ference of the tube. This implies that the fins redistribute the
uid around the circumference of the tube, extending the ann
flow regime down to lower qualities. This further implies that th
average pressure gradients for these tubes will be higher du
the increase in turbulence found in annular flow. Since the tra
tion quality for the herringbone microfin tube is lower than that
the helical microfin tube, one can expect the overall press
drops~on average! for the herringbone microfin tube to be highe

Figure 5 shows a summary of the average pressure gradient
condensation as a function of the mass flux. The overall tren
that the pressure gradients increase with an increase in mass
Further, it is noted that the local pressure gradients~Fig. 4! and the
average pressure gradients~Fig. 5! of R-134a are always highe
than that of R-22 and R-407C, with R-407C being the lowest. T
concurs with expectations, as R-134a is a low-pressure refrige
which implies higher vapor velocities, resulting in higher relati
pressure drops than those for the higher-pressure refrigerant.

Comparisons of Pressure-Drop Penalty Factors
The penalty factors for the herringbone microfin tube were

termined by analyzing the ratio of the pressure drops of the h
ringbone microfin tube to the pressure drops of the smooth@Eq.
~3!# and helical microfin tubes@Eq. ~4!#, reduced to equivalen
lengths. The plots of the penalty factors are given in Fig. 6. F
the plots against the smooth tube, Fig. 6(a), the penalty factors
are always greater than one throughout the mass flux range
plying that the herringbone microfin tube overall has a high
pressure drop than that of the smooth tube. On average, w
using R-22, the pressure drop is 84% higher than in the smo
tube, while when using R-407C and R-134a the pressure drop
80% and 72% higher, respectively. On average for the three
frigerants the herringbone microfin tube has a 79% higher p
sure drop than that of the smooth tube. This increase is due to
increase in turbulence generated by the fins. As was expla
previously, the fins extend the annular flow regime to lower qu
ties by redistributing the liquid around the circumference of t
tube. This is also shown visually in Table 4.
Transactions of the ASME
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Fig. 3 Determining the transition qualities by making use of a… the Thome †9‡ map for the smooth
tube, and the method used by Liebenberg et al. †13‡ for b… the helical microfin tube and c… the
herringbone microfin tube
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The penalty factors for the herringbone microfin tube aga
that of the helical microfin tube are given in Fig. 6(b). For R-22
the pressure drops of the herringbone microfin tube are about
higher than that of the helical microfin tube. This agrees well w
at Transfer
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the work of other researchers@2–5,8#. For R-407C and R-134a
however, the penalty factors at lower mass flux
(400– 500 kg/m2 s) are below one. An explanation is that the flo
over the fins, as explained by Wang et al.@14#, induces a viscous
OCTOBER 2004, Vol. 126 Õ 691
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Fig. 4 Pressure gradients at mass fluxes of 400, 600, and 800 kg Õm2 s for the three tubes and refrig-
erants tested
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sublayer thickness, buffer layer, and an integral constant in
log-law that is greater than that for the helical microfin tube, i
plying that the fins might have a drag reduction effect when co
pared to the helical microfin tube. At higher mass fluxes the p
sure drops for these two refrigerants are, respectively, about
and 24% higher. On average for the three refrigerants the pres
drops of the herringbone microfin tube are about 27% higher t
those of the helical microfin tube.

Comparisons With Other Pressure-Drop Correlations
Figure 5 gives plots of the correlation of Miyara et al.@4# with

regard to the herringbone microfin tube experimental data.
deviations were calculated by

Mean Deviation ~%!5
Dppd2Dpex

Dpex
3100 (8)

The experiments of Miyara et al.@4# were conducted at low
mass fluxes~100 to 400 kg/m2 s) with refrigerants R-22 and
R-410A ~see Table 1!, also from where they derived their corre
lation. From Fig. 4 it follows that the correlation slightly deviat
from the data at high mass fluxes, especially for R-407C
R-134a. On average, however, this correlation only underp
dicted the data by 7%, implying that it could be used at m
fluxes higher than 400 kg/m2 s and maybe even for refrigeran
other than R-22 and R-410A.

Modification of a Pressure-Drop Correlation
The correlation developed by Carnavos@15# for finned tubes

was modified for the herringbone microfin tube. The pressure d
due to friction is given by the product of the liquid-only pressu
drop and a two-phase multiplier
126, OCTOBER 2004
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Dpf5DpLoFL
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with the two-phase multiplier being that of Souza and Pime
@16#,

FL
251.3761

7.242

Xtt
1.655 (10)

The modified Darcy-Weisbach equation as obtained from Frie
@17# was calculated by

DpLo5
2 f LoG2~12x!2L

rLDi
(11)

The liquid-only friction factor, as given by Carnavos@15# for a
finned tube

f Lo50.046 ReL
20.2S Di

De
D S A

An
D 0.5

~secb!0.75 (12)

with De being the equivalent inner tube diameter taking the fi
into account,Di the fin-root diameter,An the nominal flow area
based on the fin-root diameter, andA the actual cross-sectiona
flow area of the tube. The area ratio for the microfin tube as gi
by Azer and Said@18# is

A

An
512

4ent

pDi
2 cosb

(13)

with e being the fin height,n the number of fins,t the fin thick-
ness, andb the helix angle of the fins. The terms secb and cosb
in Eqs. ~12! and ~13! account for the swirling effect induced b
the fins inside the helical microfin tube. By multiplying the co
Transactions of the ASME
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Table 4 Images of R-134a condensing at a mass flux of 500 kg Õm2 s for the three tubes tested
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and sec terms by a factor 2 and changing the power of
sec term in Eq.~12! from 0.75 to 1.1, the equations becom
respectively,

f Lo50.046 ReL
20.2S Di

De
D S A

An
D 0.5

~2 secb!1.1 (14)

A

An
512

2ent

pDi
2 cosb

(15)

The experimental pressure-drop data using the modified co
lation were predicted to within an error of 1%, having an absol
mean deviation of 6.8%; 94% of the data were predicted wit
620%. This is visually shown in Fig. 7. The modified correlatio
is also visualized with the experimental data in Fig. 4. The unc
tainties of Eq.~9! are given in Table 3.
Heat Transfer
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To summarize, Eqs.~14! and~15! can be given in a more gen
eral form as follows:

f Lo50.046 ReL
20.2S Di

De
D S 12

Xent

pDi
2 cosb D 0.5

~X secb!Y

For helical microfin tubes:

X51

Y50.75 (16)

For herringbone microfin tubes:

X52

Y51.1
OCTOBER 2004, Vol. 126 Õ 693
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Fig. 5 Average pressure drops of the experimental data and that predicted by Miyara et al.
†4‡ and the newly developed correlation for refrigerants R-22, R-407C, and R-134a
c
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When comparing the proposed correlation with that of Miya
et al. @4# in Fig. 5, at high-mass fluxes the two differ by as mu
as 19%, but seem to converge to a point as the mass flux
creases. This is due to the fact that both correlations are stro
dependant on the mass flux. Further, the correlation of Miy
et al. @4# at high mass fluxes predicts higher pressure drops t
the proposed correlation. This, however, changes from a mass
lower than 500 kg/m2 s where the proposed correlation predic
higher pressure drops. It is also noted that the two correlations
similar in form; the correlation of Miyara et al.@4# is defined in
terms of a vapor-only pressure drop multiplied by a modified fo
of the Haraguchi et al.@19# two-phase multiplier.

Conclusion
Experiments for refrigerant pressure drops were conducted

herringbone microfin tubes during condensation and compa
with the performance of their smooth and helical microfin cou
terparts. The condensers were of the tube-in-tube type with
refrigerant flowing in the inner tube and cooling water in a cou
terflow direction in the annulus. Three refrigerants were tes
namely, R-22, R-134a, and R-407C. All tests were conducted
nominal saturation temperature of 40°C and at mass fluxes r
ing from 400 to 800 kg/m2 s.

The results showed that for all three test condensers the p
sure gradients increased with an increase in quality. The trend
the pressure gradients were due to the increase in turbulence
the intermittent to the annular region. These transitions occu
at an average vapor quality of 50%, 28%, and 26% for
smooth, helical microfin, and herringbone microfin tubes, resp
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Fig. 6 Penalty factors for the herringbone microfin tube
against a… the smooth tube and b… the helical microfin tube for
R-22, R-407C, and R-134a
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tively. The high pressure gradients, found at the high-quality
gions ~above the transition qualities!, were due to the friction
generated during annular flow by the high-velocity vapor c
against the slow-moving liquid annulus. At low qualities whe
the flow was intermittent~below the transition qualities!, and thus
gravity dominated, the pressure gradients were lower and
mained more or less constant. It was concluded that the fins
both the helical and herringbone microfin tubes redistributed
liquid layer around the circumference of the tube, extending
annular flow regime to lower qualities, thus having a longer ran
in which the flow is very turbulent.

With the pressure-drop data, the penalty factors of the herr
bone microfin tube against that of the smooth and helical micr
tubes were calculated. The results indicated that, for the herr
bone microfin tube against the smooth tube, the penalty fac
were always above one. On average the pressure drops o
herringbone microfin tube were about 79% higher than those
the smooth tube. Results also indicated that the penalty factor
the three refrigerants were almost the same.

For the herringbone microfin tube against the helical micro
tube, the penalty factors for R-407C and R-134a were less
one for low mass fluxes. An explanation for this is that the fi
might have a drag-reducing effect due to a larger viscous subl
thickness, buffer layer, and a greater integral constant in the
law. For R-22, however, the penalty factors were, on avera
greater than one. For the three refrigerants, the pressure d
were, on average, about 27% higher.

The correlation of Miyara et al.@4#, which was initially devel-
oped from R-22 and R-410A data inside a herringbone micro
tube, deviated from the measurements of this study on averag
7%, even though it was used to predict the pressure drops o
only R-22, but also R-407C and R-134a. This implied that t
correlation could maybe be used for refrigerants other than R
and R-410A at higher mass fluxes.

An existing helical microfin tube correlation obtained from t
literature was modified to predict the pressure drops inside
herringbone microfin tube. The results indicated that this modi
correlation predicted the data within an average error of 1%
an average mean deviation of 6.8%.
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Nomenclature

A 5 area
D 5 diameter
e 5 fin height

Ft 5 Froude rate
f 5 friction factor

G 5 mass flux
h 5 enthalpy
L 5 length
n 5 number of fins

Dp 5 pressure drop
PF 5 penalty factor
Re 5 Reynolds number
T 5 temperature
t 5 thickness
x 5 vapor quality

Xtt 5 Lockhart-Martinelli parameter
X, Y 5 constants, Eq.~16!

Greek Letters

b 5 helix angle
« 5 void fraction
g 5 apex angle
r 5 density

Subscripts

b 5 base
e 5 equivalent

ex 5 experimental
f 5 friction

f a 5 actual flow
g 5 gravitational
h 5 herringbone

he 5 helical
i 5 inside, inlet

L 5 liquid
Lo 5 liquid only
m 5 momentum
n 5 nominal
o 5 outside, outlet

pd 5 predicted
s 5 smooth
V 5 vapor
w 5 wall
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