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1. Introduction
The calculation of pressure drop in any two-phase ¯ow system is very important in the design
of steam-power and petrochemical plants, refrigeration and air-conditioning systems. During
recent years, the design of residential air conditioners has employed smaller diameter tube (6.35±
9.53 mm) in order to improve the airside performance and to reduce the refrigerant charge into
the system and more recently the air-conditioning manufacturers are implementing the related
application by use of 4±5 mm diameter tubes. Knowledge of the two-phase frictional characteristics is essential since it would certainly improve the accuracy of the design of a thermal system.
Unfortunately, most of the predictive correlations of pressure drop are based on the experimental
data with tube diameter greater than 10 mm. Extrapolations of these correlations to applications
utilizing the small diameter tubes are uncertain. It seems despite the important application of twophase ¯ow in small diameter tubes, the adequate frictional two-phase pressure drop correlations
and the published experimental data for small tubes are very rare. Some of the relevant studies are
summarized in the following.
Ungar and Cornwell (1992) measured the pressure drop for adiabatic two-phase ammonia
¯ows in small horizontal tubes (d  1:46, 1.78, 2.58 and 3.15 mm). They found that the ammonia
two-phase ¯ow in small diameter tubes could not be predicted with acceptable accuracy using the
correlations applicable for large tubes. Their ammonia pressure drop data were well described by
the McAdams et al. (1942) homogeneous model. Triplett et al. (1999) conducted air±water twophase experiments in 1.1 and 1.45 mm diameter tubes. Their pressure drop data of bubbly and
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slug ¯ow agree with the homogeneous model. For annular ¯ow, the homogeneous ¯ow model and
other widely used correlations signi®cantly over-predicted the frictional pressure drop.
In view of the previous investigations, the existing correlations may fail to describe the twophase frictional characteristics of the small diameter tube. Hence it is an objective of the present
study to provide more frictional data for tube diameters of 1±9 mm. Experiments were conducted
in the air±water and R-410A systems. The air±water and R-410A ¯uids were chosen because of
their diverse dierence in properties. The overall goal of this study is to extend the applicability of
the existing correlations in small diameter tubes by appropriate modi®cation.

2. Background of pressure drop predictions by empirical correlations
Lockhart and Martinelli (1949) de®ned the two-phase frictional multipliers. Their data also
indicated that the multipliers were a function of the Martinelli parameter alone. These multipliers
are given by
/2L 

dPf =dz
;
dPf;L =dz

/2G 

dPf =dz
;
dPf;G =dz
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where dPf =dz is the measured two-phase frictional pressure gradient, and dPf;L =dz and dPf;G =dz
are the frictional pressure gradient for liquid and gas of the two-phase mixture ¯owing alone in
the tube, respectively. The Martinelli parameter is de®ned as
X2 

dPf;L =dz
:
dPf;G =dz
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The relationship of /2L and /2G to X 2 was originally presented in graphical forms, but Chisholm
(1967) had approximated these relationships by the simple expressions:
/2L  1  CX  X 2 ;

/2L  1 
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1
 2:
X X
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Tabular constants for C are given by Chisholm, depending on whether the liquid and gas phases
are laminar or turbulent ¯ow.
Friedel (1979) proposed a correlation based on a bank of 25,000 data that is in terms of a
multiplier by:
/2LO 

dPf =dz
;
dPf;LO =dz

4

where dPf;LO =dz is the frictional pressure gradient for total ¯ow assumed liquid. The Friedel
correlation had been recommended by Whalley (1987) as an accurate correlation for the frictional
two-phase pressure gradient when (lL =lG  < 1000. However, the Friedel correlation was found
signi®cantly over-predicted the data having smaller liquid mass ¯ux and under-predicted the
higher liquid mass ¯ux data in capillary tubes (Triplett et al., 1999).
The homogeneous ¯ow approximation treats the two-phase mixture as a single ¯uid with
mixture properties (McAdams et al., 1942). Although the homogeneous ¯ow model was
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developed for general use, it had been shown (Wallis, 1969) to be accurate only for bubbly ¯ow.
Recently, the homogeneous ¯ow model was reported to give more accurate predictions in smaller
tubes (Ungar and Cornwell, 1992; Triplett et al., 1999).
3. Experimental apparatus
The test apparatus is consisted of a R-410A loop and an air±water loop. Detailed description of
the test facility can be found in Chang et al., 2000. The test tubes for air±water ¯ow are round
copper tubes having inner diameter (d) of 1.02, 3.17, 5.05 and 7.02 mm, and the corresponding
pressure drop measured length are 150, 995, 995 and 995 mm, respectively. The tube diameters of
the tested copper tubes for R-410A are 3.17, 5.05, 7.02 and 9 mm, and the corresponding tube
length are all 700 mm. The quality of the air±water (x) ranged from 0.0001 to 0.9, while the quality
of R-410A was from 0.1 to 0.9. The measured refrigerant mass ¯ux (G) ranged from 50 to 600 kg/
m2 s for R-410A and from 50 to 3000 kg/m2 s for the air±water mixtures. The accuracy of the ¯ow
meter for refrigerant, water and air is within 0.2%, 0.3% and 0.5% of the test spans, respectively. The pressure drop of the air±water mixtures is measured by a precision dierential
pressure transducer, which has an adjustable span of 1300±13,000 Pa and its accuracy is 0.3% of
the measurements. The air and water temperatures were measured by resistance temperature
device having a calibrated accuracy of 0.1 K.
The air±water tests were conducted in an ambient environment at 298 K, while the adiabatic
two-phase R-410A tests were conducted at saturation temperatures of 298 and 278 K. Totally,
there are 720 points of air±water data and 166 points of R-410A data obtained in this study.
4. Results and discussion
All the measured two-phase pressure drop data are compared with the predictions of empirical
correlations of Chisholm (1967), Friedel (1979), and the homogeneous model. The mean deviations of the relevant correlations are 82.9%, 218.0% and 53.7%, respectively. Note that the average
viscosity used in the homogeneous model is de®ned by Beatie and Whalley (1982). If the de®nition
of McAdams et al. (1942) is used, the corresponding mean deviation is increased from 53.7% to
64.9%. Apparently, the predictive ability of the homogeneous model is superior to other correlations. The over-prediction of the homogeneous model is observed for the air±water data with
smaller diameters of 1 and 3 mm at higher mass ¯ux and higher quality region. Further, detectable
under-predictions of the R-410A data for 3 and 5 mm diameter are seen in the higher mass ¯ux
and higher quality region. The trend of this result is analogous to the predicted results of the
Friedel correlation.
This above-mentioned deviation may be related to the dierence of the surface tension (or more
speci®cally, wetting characteristics) between R-410A and water. Note that the surface tension of
water at 298 K is 0.073 N/m, however, the surface tension of R-410A at 278 and 298 K are 0.008
and 0.005 N/m, respectively. As pointed out by Barajas and Panton (1993) who identi®ed the
existence of a special two-phase ¯ow pattern called rivulet or multiple rivulet pattern in small
diameter tubes, the rivulet ¯ow pattern characterizes a stream of liquid (or multiple stream of
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liquid) ¯ows on the tube surface. The stream generally does not ¯ow straight down the tube
length, but twisted its way down the tube length much like a river. For ¯uids having smaller
contact angle (<34°, such as refrigerant R-410A), the rivulet and multiple rivulet ¯ow pattern do
not appear. The liquid will spread around the periphery and caused higher ¯ow resistance.
Conversely, for ¯uids having higher contact angle (such as water in the present case), the ¯ow
resistance are expected to be smaller. This phenomenon may become comparatively pronounced
as the tube size is reduced. Hence, one can see the existing correlations may underestimate the
pressure drops of R-410A and over-predict the results of water.
For two-phase ¯ow in small tubes, the eect of surface tension force should be taken into
account as compared to gravitational force. Ungar et al. (1998) indicated that the criterion to
satisfy this balance is related to Bond number, where the Bond number is de®ned as
Bo  g qL

qG 

d=22
:
r

5

When the value of Bo is near or less than 1.0, the strati®ed ¯ow pattern is not able to exist in most
of the two-phase ¯ow conditions. To extend the applicability of the existing correlations to
smaller tubes, the eects of surface tension (r), tube diameter (d), and total mass ¯ux (G) are
included in the modi®cation of pressure drop prediction. The homogeneous model is then
modi®ed with the inclusion of Bond number and Weber number We  G2 d=rqm , and other
related signi®cantly dimensionless parameters in order to develop a general correlation for
practical application. The modi®ed homogeneous model is given as:
   
dp
dp
Xhom ;
6

dz
dz hom
(
for Bo < 2:5;
1  0:2 0:9 e Bo 
7
Xhom 
0:2
Bo0:3
Bo
for Bo P 2:5;
1  We =e
0:9 e
where (dp=dzhom is the two-phase pressure gradient predicted by the homogeneous model by use
of an average viscosity de®ned by Beatie and Whalley (1982). Fig. 1 presents the comparisons
between the modi®ed homogeneous prediction and the experimental data. The above-mentioned
(Eqs. (6) and (7)) give a mean deviation of 30.9%
The Friedel correlation (1979) is the only correlation that intended to include the eect of
surface tension (Weber number, inertia/surface tension) and gravity (Froude number, inertia/
gravity). However, the exponents of the dependence of Weber number, 0.035, and Froude
number, 0.045, are rather small. For small diameter tube, it is expected that the eect of surface
tension may become more pronounced and the in¯uence of gravity may become less important.
Hence it is very likely that the Friedel correlation may underestimate the in¯uence of surface
tension and overpredict the eect of gravity in small diameter tube. In this connection, a slight
modi®cation to the Friedel correlation is proposed that can provide better predictive ability of the
Friedel correlation for smaller diameter tubes. i.e.,
   
dp
dp
X;
8

dz
dz Friedel
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Fig. 1. Comparison between the measured pressure drop data and predictions by the modi®ed homogeneous model.

Fig. 2. Comparison between the measured pressure drop data and predictions by the modi®ed Friedel correlation.
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Fig. 3. Comparison of the proposed correlations with Hasihizume (1983).
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9
for Bo P 2:5;

where ReG  Gxd=lG ; ReLO  Gd=lL and dp=dzFriedel is the two-phase pressure gradient predicted by the Friedel correlation. Detailed comparison of Eq. (8) against the test data is shown in
Fig. 2. The mean deviation of Eq. (8) is 19.8%. It should be further pointed out that the proposed
modi®cation to the homogeneous model and the Friedel correlation are applicable for tube
diameters less than 10 mm.
To check the capabilities of the proposed correlations, the modi®ed homogeneous model (Eq.
(6)) and the modi®ed Friedel correlation (Eq. (8)) were tested against the data from the literature.
However, the published frictional two-phase pressure drop data in small tubes are very rare.
Furthermore, many of the published data did not include related details of the experimental
conditions such as total mass ¯ux, quality, and working pressure that makes their data hard to
extractable. Hence, comparisons were made to those with speci®ed conditions or tabulated data
(Hasihizume, 1983). Fig. 3 is the comparisons with Hasihizume (1983) results of R-12 and R-22 in
a 10 mm-diameter tube. Fairly good agreements of data and predictions are observed in the ®gure.

5. Concluding remarks
1. The Chisholm correlation and the Friedel correlation failed to predict the test data for smaller
diameter tubes.
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2. The homogeneous model shows better predictions than the other empirical correlations. However, at high quality and high mass ¯ux region for smaller tubes, over-predictions of the air±
water data and under-predictions of the R-410A data are observed. It is very likely that this
phenomenon is related to the variety of surface tension in the working ¯uids (or wetting characteristics).
3. A slight modi®cation to the homogeneous ¯ow model is proposed that gives a mean deviation
of 30.9%.
4. A correction to the Friedel correlation is proposed that can describe the present data set with a
mean deviation of 19.8%.
5. Fairly good agreements are observed between the proposed correlations and test results of
Hasihizume (1983).
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