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Jesús Moreno Quibén, John R. Thome *

Laboratory of Heat and Mass Transfer (LTCM), Faculty of Engineering Science (STI), École Polytechnique Fédérale de Lausanne (EPFL),
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Abstract

This work presents an analytical investigation of two-phase pressure drops during evaporation in horizontal tubes. Based on a com-
prehensive state-of-the-art review and comparison with two-phase frictional pressure drop prediction methods, it is proven that none of
these existing methods were adequate to predict the experimental values presented in Part I. Hence, an analytical study was undertaken in
order to develop a new two-phase frictional prediction method. The new model has been developed following a phenomenological
approach as the interfacial structure between the phases is taken into account. The recent [Wojtan, L., Ursenbacher, T., Thome, J.
R., 2005a. Investigation of flow boiling in horizontal tubes: Part I – a new diabatic two-phase flow pattern map. Int. J. Heat Mass Transf.
48, 2955–2969] map was chosen to provide the corresponding interfacial structure. The new model treats each flow regime separately and
then insures a smooth transition at the transition boundary, in agreement with the experimental observations. Next, based on a statistical
comparison, it is concluded that the new two-phase frictional pressure drop flow pattern map based model successfully predicts the new
experimental database and captures the numerous trends observed in the data.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Despite numerous theoretical and experimental investi-
gations, no general models are available that reliably pre-
dict two-phase pressure drops. A reason for this is that
two-phase flow includes all the complexities of single-phase
flows like non-linearities, transition to turbulence and
instabilities plus additional two-phase characteristics like
motion and deformation of the interface, non-equilibrium
effects and interactions between phases. The prediction of
this important design parameter is made by one of three
approaches: empirical correlations, analytical models or
0142-727X/$ - see front matter � 2007 Elsevier Inc. All rights reserved.
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phenomenological models. The main advantages and dis-
advantages of those approaches are:
1.1. Empirical

This is a commonly approach in modelling two-phase
pressure drop (see Lockhart and Martinelli, 1949; Bankoff,
1960; Cicchitti et al., 1960; Thom, 1964; Pierre, 1964; Baro-
czy, 1965; Chawla, 1967; Chisholm, 1973; Friedel, 1979;
Grönnerud, 1979; Müller-Steinhagen and Heck, 1986).
The main reason in following this approach is that mini-
mum knowledge of the flow characteristics is required.
Thus, empirical models are easy to implement and often
they provide good accuracy in the range of the database
available for the development of the correlation. As a con-
sequence, one of principal disadvantages of this approach
is that they are limited by the range of their underlying
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database. Another important disadvantage of the empirical
approach is that no single correlation is currently able to
provide an acceptable accuracy for general use.

1.2. Analytical

Two-phase pressure drop models developed following
this approach are general models since no empirical infor-
mation is used in their development. Besides this obvious
positive aspect, the corresponding mathematical models
are very complex and often iterative and numerical proce-
dures are required resulting in time consuming calcula-
tions. In addition, these methods in two-phase flow
require difficult to obtain data for their validation.

1.3. Phenomenological

Two-phase pressure drop models developed following a
phenomenological approach are theoretical based methods
as the interfacial structure is taken into account (see Ban-
del, 1973; Beattie, 1972; Hashizume et al., 1985; Olujić,
1985 and Hart et al., 1989). Thus, they are not blind to
the different flow regimes resulting in general applicability
models. Despite this obvious advantage, an important
drawback of this approach is that some empiricism is still
required in order to close the model. Another important
aspect is that no general flow pattern based model is yet
available. In fact, phenomenological models are typically
only available for individual flow patterns or flow struc-
tures. This observation preludes one of the major difficul-
ties in following this approach, that is they need a very
reliable flow pattern map in order to be able predict the dif-
ferent interfacial structures and the transitions from one
regime to another.

2. Comparison to existing methods

Tribbe and Müller-Steinhagen (2000) compared some of
the leading two-phase frictional pressure drop correlations
to a large database, including the following fluid combina-
tions: air–oil, air–water, water–steam and several refriger-
ants. They found that statistically the method of Müller-
Steinhagen and Heck (1986) gave the best and most reliable
results. In another recent comparison, Ould-Didi et al.
(2002) compared leading methods to experimental pressures
drops obtained for five different refrigerants over a wide
range of experimental conditions. Overall, they found the
Grönnerud (1979) and the Müller-Steinhagen and Heck
methods to be equally best, while the Friedel (1979) method
was the third best in a comparison to seven leading methods.

As a first step in the present analysis, the experimental
results were compared to the three previously ‘‘best’’ meth-
ods. The popular Lockhart–Martinelli correlation is not
shown here in this comparison in spite of its extensive
use and continued historical references because it was not
well ranked in previous studies (nor does it compare well
to the present data).
Fig. 1 shows a representative comparison of the three
prediction methods (Friedel, Grönnerud and Müller-Stein-
hagen and Heck) for different experimental conditions.
Starting first with the Grönnerud method, it works quite
well at low mass velocities from low to medium vapor qual-
ities and it also predicts a maximum as in the data at high
vapor quality, although not necessarily its magnitude but
reasonably well the location of the peak. Instead, at the
highest mass velocities tested the Grönnerud method signif-
icantly overpredicts all the results except at low vapor qual-
ities. The Müller-Steinhagen and Heck correlation does not
follow the trends in the data well, underpredicting most of
them and does not capture the peak in the data. The Fri-
edel method is seen to predict values similar to those of
Müller-Steinhagen and Heck. For the sake of simplicity,
comparisons for refrigerant R134a are not shown here
but the situation is essentially the same.

Fig. 2 shows a comparison of the complete database to
the three prediction methods (Friedel, Grönnerud and Mül-
ler-Steinhagen and Heck). Certainly of the three, the Mül-
ler-Steinhagen and Heck comes out the best overall.
However, it is only able to predict one-half of the database
within ±20%. Hence, it is clear that none of these three
methods are reliable for optimizing the thermal-hydraulics
of a direct-expansion evaporator, eventhough statistically
they are not that bad when considering the normal situation
for the prediction of two-phase frictional pressure drops.
3. Limitations of existing methods

In general, the existing two-phase frictional pressure
models available in the literature for horizontal flows have
some or all of the following deficiencies:

• They do not account for flow pattern effects on the pro-
cess, which are particularly important at low flow rates
(stratification effects) and at high vapor qualities (dryout
effects).

• They do not account explicitly for the influence of inter-
facial waves.

• They do not account for the upper dry perimeter of
stratified types of flows.

• They do not use the actual velocities of the vapor and
liquid by introduction of the local void fraction into
the method.

• They use tubular flow expressions to represent annular
film flows.

• They do not capture the peak in the pressure gradient at
high vapor qualities (or not its location or magnitude)
nor give a good representation of the pressure gradient
trend versus vapor quality.

• They do not go to acceptable limits at x ¼ 0 and x ¼ 1.

Hence, this state of affairs is the justification to develop a
new model. Secondly, the present flow pattern based pres-
sure drop model fits into the unified method of Thome and
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Fig. 1. Frictional pressure gradients vs. three prediction methods for R22 and R410A at different experimental conditions.
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coworkers to model evaporation (Wojtan et al., 2005a,b)
and condensation (el Hajal et al., 2003a,b) inside horizon-
tal tubes.

4. New two-phase pressure drop model

4.1. Introduction

The new two-phase frictional pressure drop model is
developed following a phenomenological approach, that
is physically based on several simplified interfacial two-
phase flow structures. The corresponding interfacial flow
structures are determined using the recent (Wojtan et al.,
2005a) flow pattern map.

4.2. Segregation of experimental data by flow pattern

Table 1 shows the entire database segregated by flow
regime using the recent Wojtan et al. flow pattern map. It
has to be pointed out here that only experimental values
where the complete test section was in the same flow regime
are taken into account. This restriction is always verified
for the adiabatic test section as no heat is added to the
refrigerant, while for the diabatic test section the inlet
and outlet vapor qualities were checked to verify that the
entire test section was in the same regime. For this reason
only 1745 experimental points have been used in new
model development from the 2543 values obtained (repre-
senting about 50% diabatic data and 50% adiabatic data).

It has to be pointed out here that the fixed value of the
mass velocity appearing in the graphs depicted in Fig. 3
represents the value used for the void fraction calculation
using Steiner (1993) version of the Rouhani and Axelsson
(1970) drift flux model

� ¼ x
qG

ð1þ 0:12ð1� xÞÞ x
qG

þ ð1� xÞ
qL

� �"

þ 1:18ð1� xÞ½grðqL � qGÞ�
0:25

Gq0:5
L

#�1

ð1Þ

As the variation of this value practically does not affect
the void fraction calculation for mass velocities above
50 kg/m2 s, a design condition for the mass velocity is
assumed for simplicity in generating these graphs and this
is the value appearing in the title of the graphs. In actual
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Fig. 2. Comparisons of experimental to predicted values using Friedel, Grönnerud, and Müller-Steinhagen and Heck correlations against the entire
database.

Table 1
Segregated experimental values by flow regime using Wojtan et al. flow pattern map

Segregated experimental values by flow regime

Fluid D (mm) Slug + SW SW Slug I A D M S

R134a 13.8 6 3 5 2 13 0 0 0
R22 8 28 20 18 12 75 21 17 0
R22 13.8 18 54 15 37 162 44 47 0
R410A 8 26 19 24 55 167 121 110 0
R410A 13.8 78 115 17 77 166 104 69 0
Total 156 211 79 183 583 290 243 0
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application of the flow pattern map and the new frictional
pressure drop model, the actual mass velocity is used in
calculations.
Vapor

DD
co

re

δ

Fig. 4. Simplified annular flow configuration.
4.3. Model development

Once the flow regime is known, a simplified interfacial
structure can be assumed, and then a set of equations is
proposed to determine the two-phase pressure drop for
that regime, while at the same time taking care not to have
any jumps in the predicted values when crossing a flow
transition boundary. Below, the new model and its calcula-
tion procedure for the different flow regimes is proposed
and described.
4.3.1. Annular region (A)

According to the flow pattern map, about one-third of
the experimental data were in the annular flow regime.
Therefore, this regime will be treated first. The model for
analysis is a simplified annular flow structure consisting
of a liquid film and a gas core, as shown Fig. 4. Entrain-
ment is neglected and the liquid film is assumed to have a
uniform thickness d around the circumference. These
assumptions are not always valid but they allow a much
more simplified model to be proposed.

The model is based on the steady-state gas and liquid
phase momentum balance equations. Assuming equal aver-
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age pressure gradients in the gas and liquid, which is gen-
erally valid in the absence of interfacial liquid level gradi-
ents, this leads to the following equation:

Dp
L
¼ 4

si

ðD� 2dÞ ð2Þ

Taking into account that generally D� d, Eq. (2) can be
written as follows:

Dp
L
¼ 4

si

D
ð3Þ

The expression above states that the frictional pressure gra-
dient is directly related to the interfacial shear stress si and
the tube diameter D. The interfacial shear stress represents
the shear stress exerted by the gas on the liquid and is given
by

si ¼ fi

1

2
qGðuG � uLÞ2 � fi

1

2
qGu2

G if uL � uG ð4Þ

where fi is the interfacial friction factor and uG and uL are
the true average velocities calculated with the following
expressions

uG ¼
G
qG

x
�

ð5Þ

uL ¼
G
qL

1� x
1� � ð6Þ

The interfacial friction factor fi remains unknown and is as
always the most difficult parameter to model in two-phase
flow. From Eqs. (3) and (4) and the present two-phase fric-
tional pressure drop database in the annular flow regime
obtained during the experimental campaign used to give
a data set for fi, the following new film flow correlation
for fi is proposed

fið Þannular¼ 0:67
d

2R

� �1:2

|fflfflffl{zfflfflffl}
1

ðqL�qGÞgd2

r

� ��0:4

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
2

lG

lL

� �0:08

|fflfflfflffl{zfflfflfflffl}
3

WeL½ ��0:034|fflfflfflfflfflffl{zfflfflfflfflfflffl}
4

ð7Þ
where the non-dimensional groups include the following
effects

– 1: Film thickness effect relative to the internal radius of
the tube R, where the film thickness is calculated by
means of the following equation:
d ¼ AL

Rð2p� hdryÞ ¼
Að1� �Þ

Rð2p� hdryÞ
¼ pDð1� �Þ

2ð2p� hdryÞ
ð8Þ
with hdry ¼ 0 for annular flow.
– 2: This expression comes from manipulation of the

Helmholtz instability equation using d as the scaling
factor for the most dangerous wavelength for the for-
mation of interfacial waves.

– 3: The viscosity ratio of the gas and liquid phases.
– 4: The liquid Weber WeL calculated using the following

expression:
WeL ¼
qLu2

LD
r

ð9Þ

The empirical constant and exponents were obtained statis-
tically from the annular flow database. Hence, the fric-
tional two-phase pressure drop can be now calculated with:
ðDpÞannular ¼ 4ðfiÞannular

L
D

� �
qGu2

G

2
ð10Þ
4.3.2. Slug + Intermittent (Slug + I)

These two flow regimes were treated together as noted in
Table 1 since their respective experimental frictional two-
phase pressure drops follow similar trends in Figs. 12–14
in Part I. This behaviour is consistent with the Wojtan
(2004) observations regarding flow boiling heat transfer
coefficients. Moreover, due to the unsteadiness of the flow
characterizing these two regimes, trying to capture this
behaviour is quite complex. A common characteristic of
both regimes is that all the tube perimeter is continuously
wetted, explaining perhaps why their data have similar
trends.

For the reasons mentioned above, and to avoid a jump
at the transition with annular flow while also respecting the
natural limit at x ¼ 0, a good compromise was found by
using the following expression:

ðDpÞslugþintermittent ¼ DpL0 1� �

�IA

� �0:25

þ ðDpÞannular

�

�IA

� �0:25

ð11Þ
where DpL0 is single-phase frictional liquid pressure drop
(evaluated at x ¼ 0), �IA is the void fraction at the intermit-
tent to annular transition boundary xIA and ðDpÞannular is
the two-phase frictional pressure drop evaluated at the ac-
tual vapor quality using the annular flow equations and
Eq. (8) with hdry ¼ 0 to calculate the corresponding film
thickness.

Eq. (11) is an interpolation between the single-phase
frictional liquid pressure drop ðx ¼ 0Þ and the two-phase
frictional pressure drop ðDpÞannular that would exist if the
regime were annular for these flow conditions. Using the
void fraction in the interpolation procedure, this expression
accomplishes two important purposes: first, it matches the
correct limit at x ¼ 0 (single-phase liquid flow), and second
it insures a smooth transition at the intermittent to annular
transition without introducing any jump. In doing so, the
model is in agreement with the experimental observations
and bypasses these two drawbacks of some existing models.

4.3.3. Stratified-wavy (SW)

In this regime, the parameter that defines the flow struc-
ture and the ratio of the tube perimeter in contact with the
liquid and gas is the dry angle hdry shown in Fig. 5.

It is an experimental fact that in stratified-wavy flow that
liquid creeps up the sides of the tube to a varying extend.
This effect significantly affects the interfacial perimeters Pi,
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Fig. 5. Simplified stratified flow configuration.
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PL and PG, as well as the interfacial friction factor fi. In fact,
for a fixed vapor quality x, hdry varies from 0 for Gwavy(x) at
the annular flow transition and to its maximum value of
hstrat for Gstrat(x) at the fully stratified flow transition. Sev-
eral expressions have been proposed to capture this varia-
tion: a linear variation by Kattan et al. (1998) and a
quadratic interpolation el Hajal et al. (2003b). In the recent
work of Wojtan et al. (2005b) based on experimental heat
transfer data for this region, they have proposed the follow-
ing expression:

hdry ¼
ðGwavy � GÞ
ðGwavy � GstratÞ

� �0:61

hstrat ð12Þ

where hstrat is determined using the approximate expression
for the implicit geometrical expression arising from Fig. 5,
evaluated in terms of void fraction, proposed by Biberg
(1999),

hstrat¼ 2p�2
pð1� �Þþ 3p

2

� �1=3½1�2ð1� �Þþð1� �Þ1=3� �1=3�
� 1

200
ð1� �Þ�½1�2ð1� �Þ�½1þ4ðð1� �Þ2þ �2Þ�

( )

ð13Þ

Using Eqs. (12) and (13) to determine hdry, the following
equation is now proposed for the two-phase friction factor:

ðftpÞstratified-wavy ¼ h�dryfG þ ð1� h�dryÞðfiÞannular ð14Þ

where h�dry ¼ hdry=2p, fG is the single-phase gas friction fac-
tor calculated using the classical definition

fG ¼
0:079

Re0:25
G

where ReG ¼
GxD
lG�

ð15Þ

and ðfiÞannular is the interfacial friction factor for the annu-
lar flow regime described previously evaluated at the actual
vapor quality and using Eq. (8) to determine the corre-
sponding film thickness. The frictional two-phase pressure
drop can now be calculated as follows:

ðDpÞstratified-wavy ¼ 4ðftpÞstratified-wavy

L
D

� �
qGu2

G

2
ð16Þ
4.3.4. Slug + Stratified-Wavy (Slug + SW)

In this regime both low amplitude waves (which do not
reach the top of the tube) and liquid slugs washing the top
of the tube are observed. With increasing vapor quality in
this zone, the frequency of slugs decreases and the waves
become more dominant. This behavior is highly chaotic
and as a consequence is quite difficult to capture physically
within a simplified model. A good compromise was found,
as for the slug and intermittent regimes, by using the fol-
lowing expression:

ðDpÞslugþSW ¼ DpL0 1� �

�IA

� �0:25

þ ðDpÞstratified-wavy

�

�IA

� �0:25

ð17Þ
where DpL0 is the single-phase frictional liquid pressure
drop (evaluated at x ¼ 0), �IA is the void fraction at the
intermittent to annular transition boundary and
ðDpÞstratified-wavy is the two-phase frictional pressure drop
evaluated at the actual vapor quality using stratified-wavy
flow equations. For this flow pattern, the following expres-
sion, proposed by el Hajal et al. (2003b), is used for the film
thickness determination,

d ¼ D
2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D
2

� �2

� 2AL

ð2p� hdryÞ

s
ð18Þ

and it has been pointed out by Wojtan et al. (2005b) that
when liquid occupies more than one-half of the cross-sec-
tion of the tube at low vapor quality, this expression would
yield a value of d > D=2, what is not geometrically realistic.
Hence, whenever Eq. (18) gives d > D=2, d is set to D/2.
Eq. (17) again insures a smooth transition at the intermit-
tent to annular boundary and matches the correct limit for
x ¼ 0. The interpolation exponent is again 0.25 as in Eq.
(11) and gives the best representation of the data.

4.3.5. Mist (M)

This regime is encountered when all the liquid is
entrained in the gas core by the high velocity gas. The
vapor phase is the continuous phase and the liquid flows
in the form of droplets. In fact, it is not far from reality
to consider the two phases to flow as a single phase possess-
ing mean fluid properties. Under these conditions one can
use the homogeneous flow theory in order to predict two-
phase frictional pressure drop values. Hence, the following
expression is used to calculate the two-phase frictional
pressure drop in this regime:

ðDpÞmist ¼ 2f m

L
D

� �
G2

qm

ð19Þ

where qm is the homogeneous density determined as

qm ¼ qLð1� �HÞ þ qG�H ð20Þ
and the homogeneous void fraction �H is

�H ¼
1

1þ ð1�xÞ
x

qG

qL

ð21Þ

The friction factor fm is calculated introducing the homoge-
neous viscosity lm using single-phase equations as follows,

fm ¼
0:079

Re0:25
m

where Rem ¼
GD
lm

ð22Þ
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and lm is determined using Cicchitti et al. (1960)
expression:

lm ¼ xlG þ ð1� xÞlL ð23Þ

This expression (Eq. (19)) goes to the ideal limit of all gas
flow at x ¼ 1.

4.3.6. Dryout (D)

Analyzing the experimental results, it is obvious that
there is not usually a step-wise jump in the frictional pres-
sure gradient from annular (A) to mist (M) flow. This tran-
sition regime between them is called dryout. The process of
dryout starts at the top of the tube, where the liquid film is
thinner, and takes place over a range of vapor quality
(from the inception of dryout at xdi at the top of the tube
to the completion of dryout at xde at the bottom of the
tube) and thus ends when the fully developed mist flow
regime is reached. This process is depicted in Fig. 6.

The following linear interpolation captures this varia-
tion and does not introduce any jump in the frictional pres-
sure gradient, being in agreement with the experimental
observations

ðDpÞdryout ¼ ðDpÞtpðxdiÞ �
x� xdi

xde � xdi

½ðDpÞtpðxdiÞ � ðDpÞmistðxdeÞ�

ð24Þ

where xde is the dryout completion quality and xdi is the
dryout inception quality calculated according to the flow
pattern map using expressions proposed by Wojtan et al.
(2005b), ðDpÞtpðxdiÞ is the frictional pressure drop at the
inception quality calculated either with Eq. (10) for annular
flow or Eq. (16) for stratified-wavy flow and ðDpÞmistðxdeÞ is
the frictional pressure drop at the completion quality calcu-
lated with Eq. (19). At high mass velocities the value of xde

intersects that of xdi; at these conditions, the dryout zone
(D) no longer exits as all the liquid is thought to be stripped
from the wall and a jump is contemplated between annular
and mist flow.

4.3.7. Stratified (S)

The stratified flow regime was out of the possibilities of
the present test facility as it occurs at very low mass veloc-
ities. Thus, no experimental values were obtained in this
Fig. 6. Dryout zone during evaporation in horizontal tube.
regime. In spite of no experimental verification, the follow-
ing calculation procedure is proposed for this regime:

• if x P xIA then

ðftpÞstratified ¼ h�stratfG þ ð1� h�stratÞðfiÞannular ð25Þ
where h�strat ¼ hstrat=2p, fG is single-phase gas friction factor
calculated with Eq. (15) and ðfiÞannular is the interfacial fric-
tion factor for the annular flow regime described previously
evaluated at the actual vapor quality.The frictional two-
phase pressure drop can now be calculated as follows:

ðDpÞstratifiedðxPxIAÞ ¼ 4ðftpÞstratified

L
D

� �
qGu2

G

2
ð26Þ

• if x < xIA then

ðDpÞstratifiedðx<xIAÞ ¼DpL0 1� �

�IA

� �0:25

þðDpÞstratifiedðxPxIAÞ
�

�IA

� �0:25

ð27Þ
where DpL0 is single-phase frictional liquid pressure drop
(at x ¼ 0), �IA is the void fraction at the intermittent to
annular transition boundary and ðDpÞstratifiedðxPxIAÞ is the
two-phase frictional pressure drop evaluated at the actual
vapor quality using stratified flow equations for x P xIA.

4.3.8. Bubbly (B)
Bubbly flows are not addressed here as these occur at

very high mass velocities that are beyond the range of pres-
ent interest. The bubbly flow transition from intermittent
flow remains the same as in the original map (see Wojtan
et al., 2005a).
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Fig. 7. Comparisons of experimental to predicted values for the entire
database.



Table 2
Compilation of percentages of the database within an specific range for the
new proposed model and three existing methods

Compilation of statistical results ±30% ±20%

Friedel 67.33% 51.81%
Grönnerud 46.15% 40.45%
Müller-Steinhagen and Heck 75.79% 49.64%
New method 82.30% 64.71%

Experimental versus predicted values

In range 94.70%
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5. Comparison of new model to database

This section presents comparisons of experimental to
predicted values obtained using the new two-phase fric-
tional pressure drop model.

Fig. 7 depicts comparisons of the entire database to pre-
dicted values. The new method predicts 82.3% within ±30%
and 64.71% within ±20%. Taking into account that the
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range of experimental conditions included a wide range of
experimental conditions (fluids, diameter, mass velocities,
heat fluxes), the method predicts very accurately the exper-
imental data. The values for all the database versus the new
and previous methods are summarized in Table 2.

In order to check the reliability of the new model (Mor-
eno Quibén, 2005) performed comparisons of experimental
to predicted values when the fluid and diameter are chan-
ged and it is shown that changing these two important
parameters does not have an effect on the accuracy of the
predictions attesting for the reliability of the new method.

As the new frictional two-phase pressure drop model is
flow pattern based, Fig. 8 shows comparisons of experi-
mental to predicted values for the entire database segre-
gated by flow regime. For the sake of simplicity, the mist
and dryout results are not shown in this figure but a similar
behavior was observed. It has to be pointed that pressure
drop experimental values in the stratified-wavy (SW) and
slug + stratified-wavy (Slug + SW) regimes were in the
range of 0–8 m bar and trying to accurately predict such
low values is a difficult task, because small deviations can
induce large errors. Furthermore, the accuracy of identify-
ing the flow pattern depends on the flow pattern map and
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Fig. 9. Experimental and predicted values versus vapor
hence test conditions near transitions can be wrongly pre-
dicted. In addition, since the fall off in the frictional pres-
sure gradient after the peak at high vapor qualities is
very dependent on the prediction of xdi, a small error in
the latter has a magnifying effect on the former.

Thus, it has been shown that the new two-phase fric-
tional prediction model from a statistical point of view is
able to accurately predict the experimental values. The reli-
ability of the proposed model has also been proven but still
a question remains open: Does the new model capture the
trends observed in the two-phase frictional pressure drops
versus vapor quality? This latter issue is crucial for the ther-
mal optimization of evaporators and is addressed below.

Figs. 9 and 10 show experimental and predicted values
plotted versus quality for a selected set of experimental con-
ditions. The new model follows the experimental trends
quite well and it is able to capture reasonably well the posi-
tion and a little less so the magnitude of the characteristic
peak at high vapor qualities. Furthermore, in thermal
design with a vapor quality change from x ¼ 0:2 at the inlet
to x ¼ 1 at the outlet, it is most important that the two-
phase pressure gradient is calculated accurately where the
gradients are high. For example, a 20% error at x ¼ 0:2 is
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Fig. 10. Experimental and predicted values versus vapor quality for R410A at different experimental conditions.
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insignificant in the total pressure drop calculation. Hence,
the present method that works very well in annular flow
(see Fig. 8a) and that captures the position of the peak will
give much better total pressure drop predictions than the
other methods.

Comments on the attributes of the new flow pattern
based method are as follows:
• It is more accurate (according to Table 2) than the best
competing methods.

• It better follows the variation in pressure gradient with
vapor quality.

• It captures the peak in the pressure gradient at high
vapor qualities.

• It handles mist flow and the dryout region.
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• It goes to the correct limits at x ¼ 0 (single-phase liquid
flow) and at x ¼ 1 (single-phase gas flow).

• It explicitly includes the effect of interfacial waves.
• It includes the effect of interfacial flow structure (such as

partially dry perimeter) via the flow pattern map.
• It is based on the actual mean velocities of the phases via

the void fraction equation rather than superficial
velocities.

6. Conclusions

The experimental results presented in Part I were com-
pared to three recommended two-phase frictional pressure
drop correlations: Friedel, Grönnerud, and Müller-Stein-
hagen and Heck. While, all three provided a reasonable
agreement for some particular set of experimental condi-
tions, they either significantly overpredicted or underpre-
dicted the data for most of the others. Also, the methods
did not reliably capture the variation in two-phase fric-
tional pressure drop versus vapor quality, which is neces-
sary for such methods to be useful for the thermal
optimization of evaporators. Hence, the development of
new two-phase frictional pressure drop model based on
flow pattern map is justified. Then, the experimental data
were segregated by flow regime using the recent Wojtan–
Ursenbacher–Thome flow pattern map in order to develop
the two-phase frictional pressure drop model based on flow
pattern map, the new model is introduced and the develop-
ment procedure is detailed. Comparisons with the database
show that the new model is able to accurately and reliably
predict experimental values and, furthermore, the variation
of the frictional pressure drop vs. vapor quality is well
captured.

The present work completes the fourth basic step in
LTCM’s flow pattern based work on obtaining a unified
approach to modelling two-phase flow and heat transfer
inside horizontal round tubes: (i) a generalized flow pattern
map, (ii) a flow boiling heat transfer model, (iii) a convec-
tive condensation model and (iv) a two-phase frictional
pressure drop model.
Acknowledgements

The project has been supported financially by the Fond
National Swiss (FNS) Contract No. 21-57210.99 and by
the Air-Conditioning and Refrigeration Technology Insti-
tute (ARTI) Contract No. 605-20040, which are gratefully
acknowledged.
References

Bandel, J., 1973. Druckverlust und wärmeügang bei der verdampfung
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