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Condensation in minichannels is widely used in air-cooled condensers for the automotive and air-condi-
tioning industry, in heat pipes and other applications for system thermal control. The knowledge of pres-
sure drops in such small channels is important in order to optimize heat transfer surfaces. This paper
presents a model for calculation of the frictional pressure gradient during condensation or adiabatic
liquid–gas flow inside minichannels with different surface roughness. In order to account for the effects
of surface roughness, new experimental frictional pressure gradient data associated to single-phase flow
and adiabatic two-phase flow of R134a inside a single horizontal mini tube with rough wall has been
used in the modelling. It is a Friedel (1979) [Friedel, L., 1979. Improved friction pressure drop correlations
for horizontal and vertical two-phase pipe flow. In: Proceedings of the European Two-Phase Flow Group
Meeting, Ispra, Paper E2] based model and it takes into account mass velocity, vapor quality, fluid prop-
erties, reduced pressure, tube diameter, entrainment ratio and surface roughness. With respect to the
flow pattern prediction capability, it has been built for shear dominated flow regimes inside pipes, thus,
annular, annular-mist and mist flow are here predicted. However, the suggested procedure is extended to
the intermittent flow in minichannels and it is also applied with success to horizontal macro tubes.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Following Kandlikar and Grande (2003), minichannels are sin-
gle tubes or multi-port extruded aluminum channels with inner
hydraulic diameter in the range 0.2–3 mm. Understanding the
forced convective condensation heat transfer mechanisms inside
these channels is still somehow vague in comparison to the gained
knowledge associated with conventional pipes. The lack of reliable
heat transfer and pressure drop experimental data inside mini-
channels is due to rather difficult task in obtaining precise mea-
surements on this scale and besides, there has been more
interest dedicated to the flow boiling process associated with the
intense heat removal. However, forced convective condensation
is affected by gravity, viscous shear and surface tension. These
forces influence flow regimes, pressure drops and heat transfer.
Pressure drop during liquid-vapor flow within minichannels is af-
fected by flow regime, while heat transfer is governed by frictional
pressure drop as well.

There are three main issues involving pressure drop to be con-
sidered in the condensation heat transfer modeling. The first one
refers to the saturation temperature drop due to the pressure drop
ll rights reserved.

).
along the channel, which namely increases the irreversibility of the
heat transfer due to required higher driving temperature differ-
ence. The second issue instead, refers to higher energy consump-
tion on the vapor–liquid interface. When the shear stress prevails
over the surface tension and the gravity forces the liquid film gets
thinner due to the liquid entrainment in the gas core. The thinner
the liquid film the lower overall thermal resistance and thus a
higher heat transfer coefficient is expected. However, higher en-
ergy consumption refers also to the third issue of the pressure drop
consideration in the condensation heat transfer modeling. Higher
shear stress leads to higher velocity gradient and thus higher tem-
perature gradient in the thermal boundary layer. In this context
Kosky and Staub (1971) associated heat transfer coefficient calcu-
lation with the frictional pressure gradient through the interfacial
shear stress. The phenomenon stands for the increase of tempera-
ture gradient near the wall, that is, the increase in heat transfer
coefficient, at the expense of frictional pressure drop along the
pipe. While the first issue, associated to the saturation temperature
drop due to the pressure drop, penalizes overall heat transfer rate,
the other two issues enhance the condensation heat transfer coef-
ficients. Indeed, one leads to the liquid layer decrease in thickness,
whereas the other one stands for higher velocity gradient in the
boundary layer.

It is though crucial to have reliable pressure drop prediction
methods, for two-phase heat transfer or fluid flow modeling and

mailto:luisa.rossetto@unipd.it
http://www.sciencedirect.com/science/journal/0142727X
http://www.elsevier.com/locate/ijhff


Nomenclature

D tube inside diameter, [m]
ep (percentage deviation) = 100 (yCALC � yEXP)/yEXP

eR (average deviation) = (1/Np)Rep

E entrainment ratio
f friction factor
g gravitational acceleration, [m s�2]
G total mass velocity, [kg m�2 s�1]
jG superficial gas velocity, [m s�1]
JG dimensionless gas velocity=x G/[g DhqG(qL � qG)]0.5

Np number of data points
p pressure [Pa]
pR reduced pressure = p/pc

Ra arithmetical mean deviation of the assessed profile
(according to ISO 4287 : 1997), [lm]

Re Reynolds number
ReL =G(1 � x)Dh/lL

ReLO =G Dh/lL

Rr relative roughness of the tube
Rz maximum height of profile (according to ISO 4287:

1997), [lm]
T,t temperature [K], [�C]
us friction velocity = (s/qL)0.5

x vapour mass quality
z axial coordinate oriented with the flow [m]
d liquid film thickness [m]

Dp pressure difference [Pa]
e volume fraction of liquid in the film at the wall
U2

LO (dp/dz)f /(dp/dz)f,LO

l dynamic viscosity [kg m�1 s�1]
m kinematic viscosity [m2 s�1]
q density [kg m�3]
r surface tension [N m�1]
rN (standard deviation) = {[R (ep � eR)2]/(Np � 1)}1/2

s vapour shear stress on the liquid film [N m�2]

Subscripts
an annular
c critical
CALC calculated
EXP experimental
f frictional
G gas phase; gas with its actual mass flow rate
GC gas core
h hydraulic
IN at the inlet
L liquid phase with its actual mass flow rate
LO liquid phase with total mass flow rate
OUT at the outlet
s saturation
ss stainless steel
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optimization. As stated by Cavallini et al. (2006), no correlation
was found to be able to predict satisfactory frictional pressure
drop during liquid–vapor flow in different minichannels over
wide range of test conditions. In this context, a generalized pro-
cedure development for calculation of the frictional pressure gra-
dient during condensation or adiabatic liquid–vapor flow inside
pipes with different hydraulic diameters and surface roughness
is presented in this paper. Step-by-step development of the pres-
ent correlation goes from precise selection and classification of
the available experimental data through consideration of differ-
ent effects to the comparison against selected models and some
new experimental results. Both, modeling and experimental
evaluation are presented herein over entire span of governing
flow patterns. However, no flow visualization tests have been
performed in this paper; instead, observations from different
authors have been adopted for characterization of the flow
regimes.

2. Available pressure drop models and observed flow patterns

2.1. Pressure drop models

Before developing a new model, present authors compared pre-
dictions from several models published in the open literature
against the experimental data by Cavallini et al. (2005a). The mod-
els were either developed for conventional macrochannels, such as
the ones by Friedel (1979, 1980) and Müller-Steinhagen and Heck
(1986), or they were specifically developed for minichannels as
those by Mishima and Hibiki (1996), Yan and Lin (1999), Chen
et al. (2001), Zhang and Webb (2001), Garimella et al. (2004), Koy-
ama et al. (2003). No model was able to predict with a satisfactory
agreement frictional pressure drop for flow in minichannels of
both high and low pressure fluids. Particularly, no model seems
to be able to predict frictional pressure drops of R410A, while
many models are not able to catch R236ea trends as well. Many
correlations, on the contrary, were able to predict frictional pres-
sure drops of R134a.
2.2. Flow patterns

Some researchers observed flow patterns during condensation
of R134a in different minichannels. Even though no general flow
regime map is available, all observations lead to the annular flow
regime extension at the expense of wavy flow suppression as
hydraulic diameter is decreased.

Coleman and Garimella (1999, 2000a,b) reported flow patterns
during condensation of R134a inside horizontal tubes and square
minichannels. The hydraulic diameters were ranging from 1 to
4.9 mm, while mass velocities have always been set above
150 kg m�2 s�1. The authors observed annular, wavy, intermittent
(slug, plug) and dispersed (bubble) flow patterns. At smaller
hydraulic diameters (<1 mm) the wavy regime was not present
while at high flow rates and qualities annular film and mist or mist
flows prevailed. With R134a at 52 �C in square minichannels of
diameter 1 or 2 mm mist flow was present for dimensionless gas
velocity (JG) higher than 10–15. The authors found tube shape to
be less significant, while hydraulic diameter had a substantial ef-
fect on flow transitions. Wang et al. (2002) also reported flow pat-
terns for condensation of R134a at 35 �C saturation temperature.
They used multi-port rectangular minichannels with Dh = 1.46 mm
and mass velocities ranging from 75 to 350 kg m�2 s�1. The authors
observed annular, wavy and slug flow, while the flow was always
annular for JG > 2.5. Also Kim et al. (2003) observed annular, slug
and bubbly flow during condensation of R134a in a horizontal cir-
cular single minichannel of diameter 0.75 mm. They performed
experiments at 40 �C saturation temperature and mass velocities
ranging between 100 and 600 kg m�2 s�1.

3. Modelling

3.1. Correlation for annular and mist flow (JG > 2.5) in smooth
minichannels

In order to test equations for frictional pressure gradient during
flow of refrigerants in minichannels, the present authors have
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collected a wide data bank of experimental values from different
authors. Out of this data bank only data for flow in smooth mini-
channels with dimensionless gas velocity greater than 2.5 have
been selected in order to be sure to have data points in annular
and mist flow. In Table 1 authors reference, type of channels,
hydraulic diameter, fluid, saturation temperature, mass velocity
and number of data points used are reported. The Coleman
(2000) pressure drop data has been taken during adiabatic and
condensing flow of R134a at pR = 0.37 in channels with circular
and square cross section with 0.51 6 Dh 6 1.52 mm. Coleman esti-
mated the relative roughness being from 10�4 to 5 � 10�4 for the
circular channels and 9 � 10�4 for the square ones. The Zhang
(1998) and Hirofumi and Webb (1995) (reported in Zhang
(1998)) pressure drop data refer to adiabatic flow of R134a in cir-
cular and square cross section multiport channels and in a single
minitube with plain inner surface. Reduced pressure for R134a
was varied between 0.25 and 0.47. The Jeong et al. (2005) data
has been measured during adiabatic flow of R744 in square cross
section channels. Cavallini et al. (2006) presented a review of avail-
able data.

The data bank contains the Cavallini et al. (2004, 2005a) data for
three different fluids. The R134a data by Cavallini et al. (2004,
2005a) have been plotted in the Coleman and Garimella map for
channels with a square cross section, for hydraulic diameters equal
1 and 2 mm: all the R134a data were in the annular, annular-mist,
mist flow regimes. Recent data are mostly associated to R134a,
while only few experiments have been reported at significantly dif-
ferent reduced pressure conditions. In this matter, Cavallini et al.
(2004, 2005a) extended the available experimental data with
experiments during adiabatic flow of R134a, R236ea and R410A in-
side 1.13 m long multi-port minichannel test section. The experi-
ments have been performed at 40 �C saturation temperature and
mass velocities ranging from 200 to 1400 kg m�2 s�1 within square
channels with hydraulic diameter 1.4 mm. The arithmetic mean
deviation of the assessed profile (Ra) of the inner surface was
0.08 lm while the maximum height of profile (Rz) was 0.43 lm.
The three refrigerants were chosen because they present a wide
range of reduced pressures at given test conditions. In fact at
40�C saturation temperature the reduced pressure of R236ea is
around 0.1, 0.25 for R134a and 0.5 for R410A. The pressure drop
is obtained by measuring the saturation temperature drop in the
tube, by means of one T-type thermopile and two T-type thermo-
couples fixed to the aluminium tube. Experimental uncertainty of
the non intrusive measuring technique was deduced from the
experimental error of the thermopile used in the measurement.
The ±0.03 K leads to an experimental nominal uncertainty of
±0.71 kPa m�1 for R134a, ±1.6 kPa m�1 for R410A and ± 0.28 kPa
m�1 for R236ea at the same average saturation temperature
(40 �C).

The following equation, which interpolates the multiport data
of Table 1, Cavallini et al. (2004, 2005a), Coleman (2000), Zhang
(1998), Hirofumi and Webb (1995), with an absolute deviation of
11.3%, was obtained by Cavallini et al. (2005b):
Table 1
Frictional two-phase pressure drop experimental studies inside plain horizontal minichan

Author Channela Dh [mm] Fluid

Cavallini et al. (2004, 2005a) M–S 1.4 R134a, R236ea, R
Coleman (2000) M–C, M–S 1.52, 0.76, 0.51, 0.76 R134a
Hirofumi and Webb (1995) M–C, M–S 2.13, 1.45, 0.96, 1.33 R134a
Zhang (1998), M–C 2.13 R134a
Zhang and Webb (2001) Si–C 3.25 R134a, R22,R404
Jeong et al. (2005) M–S 2.0 R744

a M: multi-port; Si: single channel; R: rectangular; C: circular; S: square.
dp
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3.2. Liquid entrainment

The above Eqs. (1)–(9) give the two phase multiplier as a func-
tion of vapor quality, of liquid and vapor properties, of reduced
pressure and of the entrained liquid fraction E. The liquid entrain-
ment appears during shear dominated flow regime, where the
shear stress is responsible for the separation of the liquid drops
from the liquid-vapor interface. Since the entrained liquid in the
gas core virtually increases density of the vapor phase, its effect
is similar to the increase in reduced pressure. Besides, as the liquid
film gets thinner the liquid interface roughness decreases (Hewitt
and Hall-Taylor (1970)); hence, in a tube with a given gas flow rate,
the pressure gradient is decreased. Indeed, entrainment acts to re-
duce the two phase multiplier, which may also be true for flow in
minichannels. The entrainment ratio in Eq. (3) has to be calculated
as suggested by Paleev and Filippovich (1966):

E ¼ 0:015þ 0:44 � log
qGC

qL

� �
lLjG

r

� �2

104

" #
ð8Þ
if E P 0.95 E = 0.95
if E 6 0 E = 0
The homogeneous gas core density qGC:

qGC ¼
xþ ð1� xÞE

x
qG
þ ð1�xÞE

qL

 !

qGC � qG 1þ ð1� xÞE
x

� �
for qL � qG

ð9Þ

The above correlation was developed for macro-tubes, it ne-
glects the diameter effect, the surface roughness and the liquid
Reynolds number dependence. As stated by the authors and by
Ishii and Mishima (1989), the calculated values are in good agree-
ment with a limited number of air-water data points for vertical
macro-tubes. Furthermore, the present authors observed also a
nels JG> 2.5 (annular and mist flow)

ts [�C] G[kg m�2 s�1] Np Experimental uncertainties

P [kPa] DP [Pa] x

410A 40 200–1400 66 ±5 ±392–2240 ±4%
55 150–750 171 ±15.6–620 ±3–8%
65 200–620 18 ±8.3 ±77.5–465 ±1.78–8.7%
40, 65 200–600 17 ±8.3 ±77.5–465 ±1.78–8.7%

a 25–50 400–1000 54 ±8.3 ±77.5–465 ±1.78–8.7%
0,5,10 700 21 – – –
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good agreement between predictions from Eqs. (8) and (9) and the
R113 experimental data by Lopez de Bertodano et al. (2001). The
experiments associated to a low viscosity and a low surface tension
fluid as compared to water have been performed in a vertical tube
with inner diameter 9.53 mm. Pan and Hanratty (2002) stated that
in horizontal macro tubes only for very large dimensionless gas
velocities JG (between 6 and 12 for their air water experimental
data) entrainment could be described by equations for vertical
tubes, while for small gas velocities gravitational settling of the
drops should be taken into account. Since the Paleev and Filippo-
vich (1966) equation is here applied to horizontal minichannels,
the gravitational effects are certainly low. Therefore, the gravita-
tional settling of the drops is not considered in the present study.

A comparison between predictions from Eqs. (1)–(9) and exper-
imental data presented in the Table 1 is given in Fig. 1, where the
lines +20% and �30% refer to deviations from ‘‘perfect” agreement.
Standard and relative deviations between predictions from the
above model and experimental data are reported in Table 2. More-
over, the present correlation has been found to predict Cavallini
et al. (2005a) data, particularly for high pressure fluid R410A, bet-
ter than the models cited in Section 2.1. The calculated frictional
pressure gradient profiles for flows of R134a, R410A and R236ea
in a 1.4 mm hydraulic diameter minichannel have been plotted
in Fig. 2 along with experimental values by Cavallini et al. (2004,
2005a).

Properties of the refrigerants have been calculated with Refprop
7.0 by NIST (2002).
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Fig. 1. Comparison between predictions from Eqs. (1)–(9) and experimental data of
Table 1.

Table 2
Standard deviations and relative deviations for present model compared with
experimental data of Table 1

Author Np rN [%] eR [%]

Cavallini et al. (2004, 2005a) 66 12.6 3.4
Coleman (2000) 171 12.5 �12.6
Zhang (1998), Hirofumi and Webb (1995): multiport 35 16.7 �1.3
Zhang (1998), Zhang and Webb (2001) single tube 54 14.7 �9.4
Jeong et al. (2005) 21 12.4 �3.0
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Fig. 2. Comparison between predictions from Eqs. (1)–(12) and experimental data
by Cavallini et al. (2005a).
3.3. Microfinned minichannels

Further comparisons are given in Fig. 3, where it is shown that
predictions from Eqs. (1)–(9) are in good agreement with 58 exper-
imental frictional pressure gradients at JG > 2.5 by Webb and Ermis
(2001) (eR = 9.3%, rN = 20.9%). These frictional pressure gradients
refer to R134a adiabatic data at 65�C saturation temperature and
mass velocities in the range from 300 to 1000 kg m�2 s�1. The
authors have used multiport aluminium tubes with inner microfins
and hydraulic diameters 0.611 mm, 1.56 mm and 0.44 mm. Fin
heights range from 0.13 mm to 0.25 mm. Reported experimental
uncertainties are similar to those by Zhang (1998).

3.4. Extension of the model to JG < 2.5

The present frictional pressure gradient model was also ex-
tended to lower vapour qualities and mass velocities. When
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JG < 2.5 the higher value between (dp/dz)f from Eqs. (1)–(9) and the
all liquid frictional pressure gradient (dp/dz)f,LO from Eqs. (10)–(12)
is selected

dp
dz

� �
f ;LO
¼ 2f LO

G2

DhqL
ð10Þ

for ReLO > 2000 f LO ¼ 0:046½GDh=lL�
�0:2 ð11Þ

for ReLO < 2000 f LO ¼ C=½GDh=lL�
C ¼ 16 circular section; C ¼ 14:3 square section ð12Þ

Available data at JG < 2.5 by Cavallini et al. (2001), Coleman
(2000) and Zhang (1998) is compared versus predictions from
the model above, (Eqs. (1)–(12)). Even though the data by Coleman
(2000) is generally underestimated, the overall agreement is satis-
factory (Fig. 4).
0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35

Zhang 1998
Coleman circular
Coleman square
Cavallini et al. D=8 mm

-30%

+30%

EXP (dp/dz)f  [kPa m-1]

CA
LC

 (d
p/

dz
) f  

[k
Pa

 m
-1

]

Fig. 4. Comparison between predictions from Eqs. (1)–(12) and available experi-
mental data with JG < 2.5.
3.5. Macro tubes

Cavallini et al. (2001) measured pressure drops during conden-
sation of several HFC refrigerants (R134a, R125, R32, R410A and
R236ea) inside a horizontal macro tube of inner diameter 8 mm.
Dimensionless gas velocities were always less than 10, while mass
velocities were ranging from 100 to 750 kg m�2 s�1. Experimental
uncertainty of differential pressure was ±60 Pa. Predictions from
Eqs. (1)–(12) are in good agreement with experimental frictional
pressure gradients by Cavallini et al. (2001), if no entrainment ef-
fects are taken into account in the calculation, which means E = 0
in Eq. (3). Comparisons are shown in Fig. 5, for 158 data points with
2.5 < JG < 10 (eR = �7.0%, rN = 9.0%).

3.6. Calculated trends of the model

Figs. 6 and 7 show the frictional pressure gradient trends versus
vapour quality associated to R410A adiabatic flow in 1.4 mm and
Fig. 5. Comparison between predictions from Eqs. (1)–(9) and experimental data by
Cavallini et al. (2001) for circular macro tube with inner diameter equal 8 mm.
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8 mm inner diameter tubes. The frictional pressure gradient trends
are calculated by the present model and the model by Friedel
(1979, 1980). Predicted values from the two models agree for the
macro tube while they are very different for the minichannel.
The Friedel equation overestimates the pressure gradient of the
high pressure refrigerant R410A, when flowing in minichannels
with negligible surface roughness (Cavallini et al., 2006).

4. Extension of the model for the not-negligible surface
roughness

The multiport minichannel tested by Cavallini et al. (2004,
2005a) is characterized by a square cross section and a low value
of surface roughness (Ra = 0.08 and Rz = 0.43 lm), where effect
can thus be neglected. However, surface roughness affects pressure
drop during single phase flow in macrochannels and minichannels,
as shown by Taylor et al. (2006). To investigate the effect of tube
wall roughness and channel geometry on the two-phase frictional
pressure gradient, the present authors report here the pressure
drop measured during condensation and adiabatic flow of R134a
in a single circular mini-tube with much higher surface roughness
as compared to the previously tested minichannel.

The test rig and experimental procedures used for measuring
the pressure drop in the round minichannel are fully described in
Cavallini et al. (2007) and Matkovic (2006). The test tube is a com-
mercial copper tube with inner diameter 0.96 mm and 228.5 mm
length. The arithmetical mean deviation of the assessed profile of
the inner surface is 1.3 lm while the maximum height of profile
is 10 lm. These values are much higher than those of the multiport
extruded aluminium channel. The inlet and outlet pressure ports
are inserted in two stainless steel tubes 24 mm apart from the cop-
per tube. The stainless tubes have 0.762 mm inner diameter,
Ra = 2.0 lm and Rz = 10.2 lm. The total frictional pressure drop is
then the sum of the frictional pressure drop in the two stainless
steel tubes, each 24 mm long, of the frictional pressure drop in
the copper tube 228.5 mm long and of the pressure variations
due to abrupt enlargement (from 0.762 mm diameter to 0.96 mm
diameter) and contraction (from 0.96 mm to 0.762 mm). The
experimental uncertainty for the measured pressure difference is
±0.1 kPa, for absolute pressure is ±3 kPa, for refrigerant flow rate
is ±0.2% and for vapour quality ±1%.
First of all single-phase pressure drop experiments were per-
formed to gain critical insight into the test section hydraulic per-
formance. The frictional pressure drop in the copper tube is
obtained from the total measured pressure drop by subtracting
the local losses and the pressure loss in the stainless steel sectors

DpCu�tube ¼ Dptotal �
X

Dplocal � Dpss�tube ð13Þ

The abrupt enlargement and contraction pressure variations
were estimated according to Idelchik (1996). These calculated local
values, that were less than 6% of the total measured value, were
subtracted from the total experimental pressure drop.

The pressure variation in the stainless steel tube is calculated
with the equation:

Dpss�tube ¼ 2f ss
LssG

2
ss

Dssq
ð14Þ

where the friction factor fss is estimated with the proper equation
according to the corresponding Reynolds number, as reported in
the Appendix (Eqs. (A1)–(A4)).

Fig. 8 shows the calculated friction factor for the copper tube
against the Reynolds number in the same tube, being the friction
factor defined as

fCu�tube ¼ DpCu�tube
DCu�tubeq

2LCu�tubeG2
Cu�tube

ð15Þ

The new experimental single phase friction factors are successfully
compared against predictions by Hagen–Poiseuille, Blasius and Tep-
lov as well as by Churchill (1977) model over the entire range of
Reynolds numbers (Fig. 8). For transition and turbulent region the
relative roughness of the channel was assumed to be equal to
2 � Ra/D. All the single phase pressure drop experiments reported
here refer to adiabatic flows. Low Reynolds number data is mea-
sured during subcooled liquid tests, whereas data at high Reynolds
numbers was measured with superheated vapour. Nevertheless,
diabatic single-phase pressure loss measurements were also per-
formed in a wide range of test conditions both during heating and
cooling mode. No significant difference in the frictional pressure
gradient measurements was found by comparing the diabatic
experimental results to the adiabatic data.
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Adiabatic two-phase pressure drop tests were also performed
during R134a flow in the same test section as described above.
Fig. 9a shows the total experimental pressure drop for R134a at
40 �C versus vapour mass quality, at three mass flow velocities (re-
ferred to the copper tube flow cross sectional area): 400, 600 and
800 kg m�2 s�1. The total pressure drop is the sum of pressure vari-
ations in the stainless steel tubes, in the copper tube and in the two
abrupt geometry changes

Dptotal ¼
X

Dplocal þ DpCu�tube þ Dpss�tube ð16Þ

Fig. 9a and b show the comparison between the experimental
Dptotal data and the calculated values with the above model (Eqs.
(1)–(12)) for linear losses and according to Paliwoda (1992) for
abrupt geometry changes. Pressure variations for geometry
changes were around 10% of the overall calculated value. The mod-
el underestimates experimental pressure drop by 20%. First of all
one must consider that the present test section is made of a single
round channel, whereas most of the data used in Figs. 1 and 2 refer
to multiport tubes, with square cross sections in some cases.

Besides, in comparison with the aluminium extruded tube
tested by the present authors, the copper mini tube presents a con-
siderably higher surface roughness. Therefore, a possible explana-
tion of the discrepancy in Fig. 9 can be related to the surface
roughness of the tube. In order to enlight the effect of the rough-
ness in the minichannel, one can calculate the liquid film thickness
d at the wall by using the model by Cavallini et al. (2006), based on
Kosky and Staub (1971) model

d ¼ dþ � mL

us
¼ dþ � mL

s0:5 q0:5
L ¼

dþ � mL

dp
dz

� �
f

D
4

h i0:5 q0:5
L ð17Þ

with

dþ ¼ ReL

2

� �0:5

ReL < 1145

dþ ¼ 0:0504Re7=8
L ReL > 1145

ReL ¼
GDð1� xÞð1� EÞ

lL

and the frictional pressure gradient from Eqs. (1)–(12).
Fig. 9. (a) Overall experimental pressure losses and calculated trends, by the model fo
different mass velocities. (b) Calculated vs experimental pressure drop.
Since most of the experimental data refer to high vapour qual-
ities (x > 0.7), the dimensionless film thickness calculated with the
equations above, assuming no entrainment is occurring, is less
than 30, which means that the liquid film is laminar near the wall
and in the transition to turbulent flow far from the wall. It corre-
sponds to a liquid film d < 25 lm, when E = 0 and x = 0.75. With
entrainment calculated from Eqs. (8) and (9), the thickness of the
liquid film at the wall is around 10–15 lm (x = 0.75, 400 6 G
6800 kg m�2 s�1). Therefore, the surface roughness, with peaks
up to 15 lm high, certainly affects the laminar and the laminar-
turbulent transition sublayers. The liquid flow is influenced by
both the vapour shear stress and the surface roughness. At high
mass velocities (G P 400 kg m�2 s�1) the liquid laminar sublayer
(d+ < 5) has a thickness d < 8–10 lm. When the height of the peaks
is bigger than the liquid film thickness, the liquid film may also be
influenced by the surface tension in the valleys between the peaks.
All these effects are not present in the aluminium extruded tubes
because of the lower surface roughness.

In the end, it can be concluded that the surface roughness af-
fects the motion of the liquid film. There is no evidence though that
also the liquid entrainment is affected by the surface roughness,
except for the case when the peaks in the surface are in the same
height range as the liquid film thickness. With regard to the data
presented above, it should also be considered that the geometry
of the channel may play a role on the liquid entrainment: the pres-
ence of corners, in fact, should be in favour of a higher entrainment
due to the combined effect of surface tension and shear stress.
Unfortunately, the data available does not allow to clearly detect
the effect of the geometry in minichannels and, with regard to data
by the present authors, to single out the effect of roughness from
the one due to the geometry.

4.1. Extension of the model to include the effect of surface roughness

The above discussion points out the necessity to take into ac-
count surface roughness when calculating the frictional pressure
gradient for two-phase flow in mini and microchannels. Recently
Agarwal and Garimella (2006) also correlated the two-phase fric-
tional pressure drops in minichannels with surface roughness. Be-
side this they suggested different coefficients for their different
channel shapes.
r smooth tubes (Eqs. (1)–(12)), during adiabatic two-phase flow of R134a at three
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In order to consider the effect of the tube wall roughness, the
liquid friction factor of the above model (Eq. (2)) is corrected in
the following way

f �LO ¼ 0:046Re�0:2
LO þ 0:7

2Ra
Dh

for
2Ra
Dh

< 0:0027 ð18Þ

The above friction factor is in good agreement with the Chur-
chill curve in the range 3000 < ReLO < 6000. In Fig. 10 experimental
values of the cumulative adiabatic two-phase pressure drops are
compared with predicted values from the model modified with
Eq. (18). Agreement is satisfactory, even if data is a little underes-
timated at high mass velocities and vapour qualities, suggesting
channel shape effects or weakening of entrainment due to wall
roughness.

Finally, pressure drop measurements have also been performed
during condensation of R134a in the copper minitube with inner
diameter 0.96 mm. Experiments have been performed at three
mass velocities: 400, 600 and 800 kg m�2 s�1 and with vapour
qualities varying from 0.95 to 0.12. The total measured pressure
variation is the sum of Dptotal from Eq. (16) and the pressure gain
due to momentum change Dpm. This last term can be estimated
as in the following. Assuming that the gas core and the entrained
liquid flow with the same velocity, as suggested by Hewitt and
Hall-Taylor (1970), the vapour–liquid mixture in the core has den-
sity qGC (Eq. (9)) and velocity uGC from

uGC ¼
G½xþ ð1� xÞE�
ð1� eÞqGC

ð19Þ

where e is the volume fraction of the liquid film as function of the
liquid film thickness from Eq. (17):

e ¼ 1� D� 2d
D

� �2

ð20Þ

The differential pressure gain due to momentum change is the
sum of the term due to the liquid in the film at the wall and the
quantity due to the liquid–vapour mixture in the core:

ð�dpÞm ¼ G2d
ð1� xÞ2ð1� EÞ2

ðeÞqL
þ ½xþ ð1� xÞE�2

ð1� eÞ � qGC

" #
ð21Þ
Fig. 10. (a) Overall experimental pressure losses and calculated trends by the present
different mass velocities. (b) Calculated vs experimental pressure drop.
The pressure variation due to momentum change becomes

ð�DpÞm ¼ G2 ð1� xINÞ2ð1� EINÞ2

ðeINÞqL
þ ½xIN þ ð1� xINÞEIN�2

ð1� eINÞ � qGC;IN

" #

� G2 ð1� xOUTÞ2ð1� EOUTÞ2

ðeOUTÞqL
þ ½xOUT þ ð1� xOUTÞEOUT�2

ð1� eOUTÞ � qGC;OUT

" #

ð22Þ

The comparison between the measured experimental values and
predictions from the modified model gives percentage deviations
ep in the range 5–28%.

5. Conclusions

A model to compute the frictional pressure gradient during con-
densation and adiabatic flow in minichannels is presented. The
correlation is validated against data measured in minichannels
with hydraulic diameters ranging from 0.5 mm to 3.2 mm. Adia-
batic flow or condensing flow of halogenated refrigerants with re-
duced pressure between 0.1 and 0.6 was always set above
150 kg m�2 s�1 mass velocity. Since the present correlation has
been devoted to pressure drop prediction during shear dominated
flow regimes, only data with JG > 2.5 from different authors has
been used in the modelling. Nevertheless, values associated to
intermittent flow can also be predicted by simple selection be-
tween the present correlation and the all liquid frictional pressure
gradient. On the other hand, at high vapour velocities, the present
correlation takes into account also the effect of the liquid entrain-
ment rate in the gas core. The model adopts a simplified equation
for the entrainment rate, which depends on gas velocity, vapour
quality and thermodynamic properties. However, further improve-
ment may be to investigate the dependence of the entrainment
rate in minichannels on the channel geometry and channel size.

Furthermore, surface roughness effects on the liquid–vapor
flow are discussed in the article. New experimental frictional pres-
sure gradient data considering single-phase flow and adiabatic
two-phase flow of R134a inside a single horizontal mini tube, with
0.96 mm inner diameter and with not-negligible surface rough-
ness, is presented in the paper. In order to account for the effect
of surface quality, a simple modification of the liquid friction factor
has been introduced in the model. The new single phase data is
model (modified with Eq. (18)) during adiabatic two-phase flow of R134a at three
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successfully compared against predictions by Hagen–Poiseuille,
Blasius and Teplov as well as by Churchill (1977) model over entire
range of Reynolds numbers assuming a relative roughness of the
channel equal to 2 � Ra/D.

Finally, overall predictions from the model are in good agree-
ment with experimental data attributed to channels or tubes with
different surface roughness, different hydraulic diameters and dif-
ferent fluids. The suggested procedure is successfully extended to
the intermittent flow in minichannels and it is also applied with
success to horizontal macro tubes.
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Appendix

In details, the friction factor f in single phase flow in the stain-
less steel tube is estimated in laminar flow, for Re < 2300, as

flaminar ¼
16

Ress
¼ 16l

DssGss

� �
ðA1Þ

and in turbulent flow, for Re > 3 000, using the Blausius equation:

fBlausius ¼ 0:079Re�0:25
ss ¼ 0:079

l
DssGss

� �0:25

ðA2Þ

up to the intersection with the Teplov equation (Idelchik (1996)) for
rough tubes

fTeplov ¼ 0:25
1

1:8 logð8:3=RrssÞ

� �2

ðA3Þ

with Rr = 2 Ra/D.
In the transition region, for 2300 6 Re 6 3000

ftransition ¼
fBlausius;Re¼3000 � flaminar;Re¼2300

3000—2300
ðRess � 2300Þ

þ flaminar;Re¼2300 ðA4Þ
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