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A B S T R A C T

Drift-flux model is a simple and reliable tool for void fraction prediction in two-phase flows. This work examines
its performance in gas-liquid flow of small bubbles (< 1mm) at low void fractions (< 10−1) that resembles
bubbly flow in human bloodstream during Decompression Sickness and can be also found in other two-phase
applications such as flow boiling in macro-channels. Drift-flux model predictions are compared with experi-
mental data measured in co-current upward bubbly flow for varying gas/liquid flow properties. Water and blood
simulant are used as test liquids, while bubble size is controlled using prescribed surfactant (SDS) concentra-
tions. Homogeneous flow model, which is a sub-case of drift-flux model, predicts adequately void fraction in
water and blood simulant when the mean bubble size is lower than 200 μm. For larger bubbles in water (mean
size up to 800 μm) and in blood simulant (mean size up to 350 μm), the performance of thirteen drift-flux models
from literature is examined. Ten of them concern specifically bubbly flow, whereas three models are applicable
to a wide range of flow conditions. To our knowledge, this is the first time that drift-flux models are tested at
combined low void fractions (between ∼10−3 and ∼10−1) and sub-millimeter bubble sizes, so the determi-
nation of drift-flux parameters (distribution parameter, C0 and drift velocity, Ugm) is elaborated. On this account,
a bubble size dependent correlation is proposed for Ugm determination.

1. Introduction

Gas-liquid two-phase flows are encountered in several engineering
applications as well as in the human bloodstream during
Decompression Sickness (DCS). DCS is a clinical syndrome caused by
the formation of intravascular or extravascular bubbles in the human
body as a result of environmental pressure decrease (decompression).
Bubbles presence may have mechanical, embolic, and biochemical ef-
fects with manifestations ranging from itching and minor pain to neu-
rological symptoms, cardiac failure and death. In current space pro-
grams there is a risk of DCS during extravehicular activities, because in
that case crewmembers go from a cabin pressure of 14.7 psia (1.0 bar)
inside the space shuttle or international space station (ISS) to the space
suit pressure of 4.3 psia (0.29 bar). Also, DCS can occur in scuba divers,
aviators and compressed air workers [1].

Void fraction is a pivotal dimensionless parameter which is required
in the calculation of two-phase mixture density and viscosity, actual
phase velocities, pressure drop, heat transfer coefficient, etc. [2]. For
this, numerous investigations have been carried out for void fraction
measurement (employing e.g. quick closing valve technique, radiation-
attenuation method, capacitive sensors, wire-mesh sensors, resistive

probes, etc.) and prediction in the past six decades [3–6].
Void fraction in gas-liquid flows depends (apart from the physical

properties of the two phases) on several factors including gas/liquid
flow rates as well as the relative motion of one phase with respect to the
other. In the case of no slip between the two phases (homogeneous
flow) combined with uniform void fraction across the pipe, void frac-
tion (α) is equal to the gas volumetric flow fraction (β). The parameter β
is defined as the ratio of the gas volumetric flow rate to the total (two-
phase mixture) volumetric flow rate or, equally, as the ratio of gas
superficial velocity to the total superficial velocity. It is commonly ex-
pressed as:
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where Qg and Ql are the gas and liquid volumetric flow rate, respec-
tively, and Usg and Usl are the gas and liquid superficial velocity, re-
spectively [7]. Homogeneous flow can be noticed only in specific
bubbly flow applications, since the two phases usually travel with dif-
ferent velocities. In the latter case, void fraction can be predicted em-
ploying either a two-fluid model [8] or a drift-flux model [9]. The
formulation of a drift-flux model, which is based on the two-phase
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mixture balance equations, is simpler than the two-fluid model which is
based on the separate balance equations for each phase. Although a
drift-flux model is an approximate formulation in comparison with the
more rigorous two-fluid formulation, it is of considerable importance
due to its simplicity and applicability to a wide range of two-phase flow
problems [10]. Several researchers such as Woldesemayat and Ghajar
[11], Godbole et al. [12] and Bhagwat and Ghajar [7] have strongly
recommended the use of drift-flux model for vertical upward two-phase
flow.

This study investigates the performance of homogeneous flow
model as well as well-known drift-flux model based correlations con-
cerning void fraction prediction in a gas-liquid (bubbly) flow that is
encountered in human bloodstream during Decompression Sickness
[1]. Despite the different local characteristics, similar average bubbly
flow conditions are also found in flow boiling in macro-channels
[13,14] and other relevant two-phase flow systems. To our knowledge,
this is the first time that drift-flux model is examined at such low
average void fraction values (between ∼10−3 and ∼10−1) in con-
junction to very small bubbles (< 1mm), as those observed during
DCS. Therefore, determination of drift-flux parameters is carefully
elaborated in an effort to extend model’s capacity to the range of bubble
sizes and void fractions examined herein. The next section describes
briefly the drift-flux model and outlines the relevant correlations that
interest the present study. Predicted void fraction values employing
these correlations are compared with experimental data provided in
[15,16]. Results are presented and discussed in a following section.

2. Drift-flux model

2.1. Brief description

The drift-flux model, as proposed by Zuber and Findlay [9], assumes
that the void fraction occurring in two-phase gas/liquid flows can be
attributed to: the radial heterogeneities of void fraction due to trans-
verse forces and the relative velocity between the phases due to axial
forces. These effects are taken into account by the distribution para-
meter, C0 and the drift velocity, Ugm, respectively. The real advantage of
drift-flux model lies at its area-averaged form that allows derivation of
one-dimensional drift-flux model (Eq. (2)), where αpred represents the
void fraction and Um the two-phase mixture superficial velocity:
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The brackets represent area-averaged quantities, but the cross-sectional

and volumetric void fraction are equal in the case of non-boiling two
phase flow where the cross-sectional distribution of the gas phase with
respect to the liquid phase remains virtually unaltered over a short
length of the flow. Henceforth, the void fraction is simply expressed
as< αpred> = αpred. Similar justification is applicable for all cross-
sectional averaged quantities involved in Eq. (2) [17].

Therefore, a drift-flux model can be applied to predict the mean
void fraction from the known macroscopic quantities Usg and Usl simply
by using appropriate models for C0 and Ugm. C0 is affected by flow
pattern, flow channel geometry, flow channel size, flow orientation,
pressure, liquid velocity, bubble size, gravitational acceleration and
phase change [18]. On the other hand, Ugm is influenced by flow pat-
tern, flow channel confinement, and flow channel size. It is mentioned
that drift-flux model is valuable when Ugm is significantly larger than
the total volumetric flux (Ugm > 0.05 Um). For this, it is recommended
for dispersed bubbly, bubbly and slug flow patterns [17]. Moreover, the
drift-flux equation reduces to the homogeneous flow model when
C0=1 (implying void fraction homogeneity across the pipe) and
Ugm=0 (implying no slip between the two phases).

2.2. Correlations for upward bubbly flow

Drift-flux model parameters have been studied extensively in lit-
erature for different two-phase flow conditions. In the bubbly flow re-
gime, the gas phase is dispersed in the continuous liquid phase and the
flow pattern is symmetrical about the longitudinal flow axis. As initially
pointed out by Zuber and Findlay [9], at wall-peaking void fraction
conditions the distribution parameter C0 is expected to be below one,
C0 < 1, while for core peaking void fraction conditions C0 > 1. For
the bubbly vertical upflow regime, Zuber and Findlay [9] re-
commended C0=1.2. Later, Wallis [19] suggested C0=1.0 for the
bubbly flow regime with one-dimensional vertical upflow of small,
isolated bubbles without coalescence. Both Zuber and Findlay [9] and
Wallis [19] determined drift velocity (Ugm) by Eq. (3), where γ is the
liquid surface tension and ρl, ρg the densities of the liquid and gas phase,
respectively:
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This expression for Ugm can be interpreted as the buoyancy effect that
increases the rise velocity of bubbles with respect to homogeneous flow
[20]. It must be noted that Eq. (3) refers to bubbles larger than 1.5mm
whose terminal velocity is roughly constant and therefore this model is

Nomenclature

α void fraction
αpred predicted void fraction based on drift-flux model
αexp experimental void fraction
β gas volumetric flow fraction
Δρ density difference between the phases
θ inclination angle
μl liquid dynamic viscosity
ρg gas density
ρl liquid density
γ liquid surface tension
C0 distribution parameter
C0,l distribution parameter for laminar flow

→C l t0, distribution parameter for flow transition from laminar to
turbulent flow

C0,t distribution parameter for turbulent flow
CSDS concentration of SDS
D internal pipe diameter

D∗ dimensionless internal pipe diameter
D1,0 arithmetic mean bubble diameter
D3,2 surface mean bubble diameter
D4,3 volume mean bubble diameter
Db bubble diameter
DCS decompression sickness
DSm bubble Sauter mean diameter
g gravitational acceleration
G mass flux
Qg gas volumetric flow rate
Ql liquid volumetric flow rate
Re Reynolds number of liquid phase
SDS Sodium Dodecyl Sulfate
Usg gas superficial velocity
Usl liquid superficial velocity
Ugm gas phase drift velocity
Um two-phase mixture superficial velocity
UT bubble rising velocity
x flow quality
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independent on bubble size [21].
Bubble size is known to influence strongly the evolution of void

fraction radial distribution in upward vertical bubbly flows. In such
flows, it has been observed that large bubbles prefer to flow near the
center of the pipe whereas small bubbles can be found across the entire
cross-section of the pipe, even near the pipe wall. This is related to
volume exclusion effects towards the wall, interactions between the
wake of bubbles and the velocity distribution of the liquid [22]. C0

should therefore be given as a function of bubble size. Indeed, Hibiki
and Ishii [10,23] successfully applied such a bubble size dependent
distribution parameter model for finely dispersed bubbly flow in small
diameter pipes. According to these authors, in fully developed flows, C0

is defined from Eqs. (4–6) for laminar flow, turbulent flow and flow

transition from laminar to turbulent flow, respectively:
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where DSm is the bubble Sauter mean diameter D3,2, D is the pipe dia-
meter and Re is the Reynolds number (defined by ρlUslD/μl, where μl is

Table 1
Expressions of thirteen selected drift-flux model based correlations.
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the liquid viscosity). The applicability of this model has been confirmed
for the experimental conditions: 26≤Usl≤ 500 cm/s, Usg≥ 2 cm/s,
0≤ α≤ 0.3, 25.4≤D≤ 60.0mm and 1.40mm≤DSm. Hibiki and Ishii
[10,23] proposed a modified version of Eq. (3) for the determination of
drift velocity that incorporates a correlation with void fraction, Eq. (7):
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Because of Eq. (7) the solution of Eq. (2) is not straightforward any-
more.

In addition to the two principal correlations for upward bubbly flow
[9,19] and the Hibiki and Ishii [10,23] correlation that includes a de-
pendence on bubble size, this study examines the performance of ten
other appropriate versions of drift-flux model selected from literature.
These ten correlations define drift-flux model parameters C0 and Ugm as
shown in Table 1. Seven correlations (Nicklin et al. [24]; Rouhani and
Axelsson [25]; Bonnecaze et al. [26]; Greskovich and Cooper [27];
Kokal and Stainslav [28]; Hasan [29]; Gomez et al. [30]) are selected
because of their satisfactory performance in upward bubbly flow for D
ranging from 12mm to 50mm and α < 0.5 in air-water/glycerin/
kerosene systems, as reported by several researchers (e.g. Bhagwat and
Ghajar [7]; Godbole et al. [12]). It is worth-noticing that all correla-
tions, except that of Rouhani and Axelsson [25], suggest C0 values
ranging from 1.0 to 1.2 which are close to the values suggested by
Zuber and Findlay [9] and Wallis [19]. On the other hand, the corre-
lations of Woldesemayat and Ghajar [11], Schmidt et al. [31] and Choi
et al. [32] are applicable to a wide range of flow conditions due to their
flow pattern independent nature. Specifically, the model of Woldese-
mayat and Ghajar [11] is applicable to natural gas/air-water/kerosene
two-phase flows in vertical/horizontal/inclined pipes, for
10≤D≤ 100mm. The correlation of Schmidt et al. [31], on the other
hand, correlates sufficiently void fraction measurements inside a ver-
tical pipe (D=54.5mm) for Usl≤ 340 cm/s, Usg≤ 3000 cm/s,
1≤ μl≤ 7000mPa·s, 0.91≤ ρg≤ 2.29 kg/m3 and 982≤ ρl≤ 1094 kg/
m3. Furthermore, the applicability of Choi et al. [32] has been con-
firmed for 50≤ D≤ 150mm, 0.1≤Usl≤ 100 cm/s,
10≤Usg≤ 1500 cm/s, 1≤ μl≤ 600mPa·s, 2≤ ρg≤ 4 kg/m3,
800≤ ρl≤ 1000 kg/m3. These flow pattern independent models are
considered attractive because they correlate both C0 and Ugm with
phase velocities and physical properties and furthermore they have
described acceptably numerous experimental data.

3. Experimental database

In an effort to evaluate void fraction correlations, both homo-
geneous flow model and drift-flux model based predictions are com-
pared with 106 experimental data points. These experimental data are
presented in [15,16] and concern a vertical co-current upward two-
phase (gas-liquid) flow that resembles Decompression Sickness condi-
tions and can be also found in other two-phase flow systems, e.g., flow
boiling in macro-channels. Flow loop operation is described in details in
Evgenidis and Karapantsios [33]. Void fraction is measured at three
axial locations along the flow by means of Electrical Resistance To-
mography (ERT) and Differential Pressure (ΔP) inside a pipe with in-
ternal diameter D=21mm. This diameter is equal to the diameter of
human vena cava where bubbles gather during a decompression in-
cident [1]. ERT measurements focus on the determination of average
void fraction across one plane. Nonetheless, bubbly flow symmetry
across the pipe is confirmed for all experimental conditions [34]. Re-
presentative ERT images are shown in [33]. ERT and ΔP measurements
are in fair agreement, with void fraction being practically equal along
the flow [16]. Predicted void fraction values are compared to ΔP ex-
perimental data for convenience but also because pressure measure-
ments are more common and so they may allow direct comparison with
other works in the future. Liquid superficial velocity (Usl) values range

from ∼3 to ∼30 cm/s, as these values are representative of the
bloodstream in human vena cava. On the other hand, gas superficial
velocity (Usg) values range from∼0.05 to∼1.2 cm/s providing average
void fraction values between ∼10−3 and ∼10−1 which represent De-
compression Sickness incidents with potential pathological effects. Ex-
periments are performed at 37 °C, same as the body temperature, with
two different test liquids: (a) An aqueous solution of NaCl (0.02% w/
w), henceforth called Water and (b) An aqueous solution of glycerol
(56.0% w/w) and NaCl (1.3% w/w), henceforth called Blood, simu-
lating human blood physical properties. Since the physical properties of
the applied test liquids have been already presented in [16] and [33],
they can be found here in Supplementary Table 1. Helium gas is chosen
for bubbles production due to its low solubility in the test liquids, while
bubble size is varied using prescribed surfactant (SDS) concentrations: 5
and 500 ppm in Water; 0 and 500 ppm in Blood. These two concentra-
tions provide fairly distinct Bubble Size Distributions (BSDs) for each
test liquid, while average bubble size is always below 1mm. BSDs are
measured for each experimental run applying an optical method (Ev-
genidis et al. [35]).

4. Results and discussion

4.1. Correlation of void fraction measurements with drift-flux model in
Water

First, it is investigated whether experimental data from Evgenidis
[15] and Evgenidis and Karapantsios [16] conform to the homogeneous
flow model, Eq. (1), which is a sub-case of the drift-flux model, Eq. (2),
when C0=1 and Ugm=0. Fig. 1 compares the experimental void
fraction αexp with the estimated gas volumetric fraction of the homo-
geneous flow model, β (Eq. (1)), for the examined range of Usl, Usg and
CSDS in Water. Error bars indicating standard deviation values from
repeated runs have been added to experimental void fraction data; in
most cases error bars are smaller than data markers. The addition of
5 ppm SDS yields arithmetic mean bubble diameters D1,0 ranging from
200 to 800 μm, while addition of 500 ppm SDS gives D1,0 in the range
50–100 μm. Due to the different bubble sizes, similar Usl and Usg values
provide different void fraction values at the two SDS concentrations. It
is apparent that the homogeneous flow model predictions cannot cor-
relate favorably with all experimental data. The goodness of correlation
between experimental and predicted void fractions is expressed by the
Mean Absolute Percentage Error (MAPE). For CSDS= 500 ppm, the

Fig. 1. Comparison of experimentally measured void fraction (αexp) with esti-
mated gas volumetric flow fraction from homogeneous flow model (β), for
CSDS=5ppm (D1,0: 200–800 μm) and CSDS=500 ppm (D1,0: 50–100 μm) in
Water.
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homogeneous flow model predicts void fraction within reasonable
(± 15%) error bands of the experimental data (MAPE: 14%). This in-
dicates that void fraction is quite uniform at the pipe cross-section and
that bubbles travel approximately with the velocity of the liquid. On the
contrary, estimations of the homogeneous model overpredict the ex-
perimental void fraction for CSDS=5ppm (MAPE: 93%) where bubbles

are larger than for CSDS=500 ppm. This suggests a core peaking void
fraction profile (C0 > 1) or/and a non-zero drift velocity of bubbles
(Ugm > 0).

Then, the two principal drift-flux model based equations, Zuber and
Findlay [9] and Wallis [19], for upward bubbly flow in vertical pipe are
tested for CSDS=5ppm in Fig. 2a and b. Zuber and Findlay [9] and
Wallis [19] suggest C0=1.2 and C0=1.0 in Eq. (2), respectively, with
Ugm estimated by Eq. (3) in both models. It is shown that these models
overall do not succeed in correlating experimental data for
CSDS=5ppm in Water. Contrary to the homogeneous flow model,
Zuber and Findlay [9] and Wallis [19] models underpredict void frac-
tion. Since both models use C0 values around 1, the discrepancy may be
chiefly attributed to Ugm overestimation from Eq. (3) that actually
concerns bubbles larger than 1.5mm where buoyancy effect is higher.
As Usl and consequently Um increases, the contribution of Ugm in void
fraction estimation decreases (Eq. (2)) and thus the deviation between
experimental and theoretical values becomes smaller as shown by
MAPE values in Fig. 2a and b. This observation is further supported by
employing the selected drift-flux model correlations of Table 1, except

Fig. 2. Comparison of experimentally measured void fraction (αexp) with esti-
mated void fraction by (a) Zuber and Findlay [9] and (b) Wallis [19] drift-flux
models, for CSDS=5ppm in Water.

Table 2
Mean Absolute Percentage Error (MAPE, %) values for varying superficial liquid
velocities (Usl) employing nine selected drift-flux model based correlations for
CSDS=5ppm in Water.
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Fig. 3. Comparison of experimentally measured void fraction (αexp) with esti-
mated void fraction by Hibiki and Ishii [10,23] drift-flux model for
CSDS=5ppm in Water.
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Rodriguez et al. [39]) and non-dependent (Zuber and Findlay [9]; Wallis [19];
Hibiki and Ishii [10,23]) models.
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Schmidt et al. [31] that provides only C0 correlation and not Ugm cor-
relation and Hibiki and Ishii [10,23] which is examined separately
afterwards. It is reminded that six of them suggest also C0 values be-
tween 1.0 and 1.2. Table 2 presents the deviation of experimental and
predicted void fractions by means of MAPE values for all the examined
models. Apparently, MAPE values decrease considerably when Usl in-
creases, as already noticed with the two principal correlations of Zuber
and Findlay [9] and Wallis [19]. Although four models (Nicklin et al.
[24]; Bonnecaze et al. [26]; Kokal and Stainslav [28]; Hasan [29]) yield
fair MAPE values (< 20%) for Usl > 16.36 cm/s, it is crucial to in-
vestigate whether the agreement can be improved and also extended to
a broader range of conditions within those examined in the present
study.

Hibiki and Ishii [10,23] model is tested separately (Fig. 3), since it
has been strongly recommended for the current bubbly flow conditions
due to the small dimensionless diameter of the pipe ( =∗D D σ g ρ/ / Δ ),
i.e., 8.5 (Schlegel et al. [36]). These researchers suggested a bubble size
dependent C0 parameter and, furthermore, correlated Ugm with void
fraction, Eq. (7). C0 is calculated employing Eqs. (4–6) for
Usl=2.89 cm/s (Re=860, laminar flow), Usl=9.62 cm/s (Re=2870,
transition from laminar to turbulent flow) and Usl=16.36, 23.10,
29.83 cm/s (Re=4880, 6900, 8900, turbulent flow), respectively. The
present DSm values used as input for C0 determination through Eqs. (5)
and (6) have been estimated by optical measurements and range from
300 to 1200 μm. Fig. 3 manifests that the estimated void fraction values
approach the measured ones as Usl increases. As a matter of fact, Hibiki
and Ishii [10,23] model predicts void fraction within the±15% error
bands of the experimental data for the three highest examined Usl va-
lues (16.36, 23.10, 29.83 cm/s). The corresponding MAPE values are
considered pretty satisfactory: 12%, 6% and 2%. Therefore, one might
argue that the applicability of this model extends down to (i)
Usl=16 cm/s (originally proposed Usl≥ 26 cm/s), (ii) Usg=0.05 cm/s
(originally proposed Usg≥ 2 cm/s), (iii) D=21mm (originally pro-
posed D≥ 25.4 mm) and (iv) DSm=300 μm (originally proposed
DSm≥ 1.40mm).

In view of the failure of the aforementioned drift-flux models to
correlate successfully allthepresent data for CSDS=5ppm, an effort is
made to check if other Ugm values can be defined that may be more
suitable to do the work. In the above models, Ugm is determined by
equations that do not include any dependence on bubble size. However,
the latter is rather the case for sub-millimeter bubbles (Rodrigue [37]).

In this respect, Fig. 4 compares the Ugm predictions of Zuber and Findlay
[9], Wallis [19] and Hibiki and Ishii [10,23] models with the predic-
tions of the models of King [38] and Baz-Rodriguez et al. [39] in which
Ugm depends largely on bubble size. Predictions are shown as a function
of mean bubble diameter covering the range encountered in Water with
CSDS=5ppm. It is reminded that predictions of Zuber and Findlay [9]
and Wallis [19] are based on Eq. (3), while predictions of Hibiki and
Ishii [10,23] are based on Eq. (7) including a correlation with void
fraction. On the other hand, King [38] defines the rising velocity (UT) of
fully dispersed swarm of spherical bubbles of identical size in a con-
taminated liquid by Eq. (8), where Db is the bubble diameter:
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and:
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Contrary to King [38], Baz-Rodriguez et al. [39] refer to single spherical
bubbles rising in pure liquids. They propose the following formulation
for UT:

+
U 1

T

U U
1 1

T T1
2

2
2 (11)

where UT1 (Eq. (12)) is the rise velocity when viscous effects are im-
portant and UT2 (Eq. (14)) is the corresponding velocity when surface
tension effects are significant:
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Table 3
Mean Absolute Percentage Error (MAPE, %) values for varying superficial liquid velocities (Usl) employing
thirteen drift-flux model based correlations for C0 determination and King [38] model for Ugm determination,
for CSDS=5ppm in Water.
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and:
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Finally, Ugm values are computed by subtracting Usg from UT values
estimated either by King [38] or Baz-Rodriguez et al. [39] model.

Fig. 4 shows that Zuber and Findlay [9] and Wallis [19] provide a
constant Ugm value for CSDS=5ppm. Ugm values computed by Hibiki
and Ishii [10,23] slightly decrease with increasing average bubble
diameter due to the void fraction term effect. On the other hand, Ugm

values resulting from the bubble size dependent models start from a
very low value but increase considerably with bubble size. Baz-Ro-
driguez et al. [39] model provides higher Ugm values than King [38]
because it refers to single bubble motion and it does not take into ac-
count the interactions with the adjacent bubbles as King [38] does. For
this, King [38] model is considered as the most suitable to determine
Ugm values in the present study. Then, a question arises about the cal-
culation of the proper mean bubble diameter to be used in Eqs. (8) and
(10). Volume mean bubble diameter (D4,3) is considered more re-
presentative from a hydrodynamic point of view in comparison to

arithmetic mean diameter (D1,0) or surface mean diameter (D3,2). Thus,
the D4,3 diameter is used as an input to King [38] model for the de-
termination of Ugm. In any case, the influence of the different mean
bubble diameters on drift velocity will be thoroughly investigated in a
future work.

Based on the above, experimentally measured void fractions for
CSDS=5ppm inWater are compared to predicted void fraction when C0

is determined applying thirteen different drift-flux model based equa-
tions (listed in Table 1) and Ugm is determined by the King [38] model.
In this respect, Table 3 summarizes the goodness of correlation between
experimental and predicted void fractions by means of MAPE values for
varying drift-flux models and liquid superficial velocities. It is seen that
most drift-flux models succeed in predicting void fraction within±
10% of the experimental data. This holds for all Usl values including
both laminar and turbulent flow, with Re ranging from 860 to 8900.
Interestingly, these models apply C0 values ranging from 1.0 to 1.2.
Among them, Hasan [29] and Schmidt et al. [31] for μl=0.001 Pa·s are
found to be the top performing. Fig. 5 displays the correlation of the
latter two drift-flux models with experimental data, when Ugm is de-
termined from King [38] model. MAPE values decrease from ∼10% to
∼5% with increasing liquid superficial velocity and, consequently, void
fraction prediction is considered overall satisfactory. On the contrary,
Hibiki and Ishii [10,23] model as well as Woldesemayat and Ghajar
[11] model fail to correlate adequately the experimental data. Espe-
cially for Usl ranging from 16.36 to 29.83 cm/s (turbulent flow), the
performance of Hibiki and Ishii [10,23] model is worse when Ugm is
determined by the King [38] model (Eq. (8)) than by employing Eq. (5).
Τhe performance of Woldesemayat and Ghajar [11], on the other hand,
deteriorates when using King [38] model for all examined Usl values
(both laminar and turbulent flow). In these conditions, both models
apply pretty low and rather erroneous C0 values (Woldesemayat and
Ghajar [11]: down to 0.1, Hibiki and Ishii [10,23]: down to 0.4).
Consequently, the better -still poor- performance of pure Hibiki and
Ishii [10,23] and Woldesemayat and Ghajar [11] models in these con-
ditions is circumstantial because the error in the determination of C0

counterbalances the error in the determination of Ugm.
Therefore, it may be argued that for the case of CSDS=5ppm in

Water:

(a) Void fraction is roughly uniform at the pipe cross-section since all
drift-flux models that correlate successfully experimental data ei-
ther suggest (e.g. Hasan [29]; Gomez et al. [30]) or estimate (e.g.
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Fig. 5. Comparison of experimentally measured void fraction (αexp) with esti-
mated void fraction applying (a) Hasan [29] and (b) Schmidt et al. [31] for μl =
0.001 Pa·s drift-flux models regarding C0 determination and King [38] con-
cerning Ugm determination, for CSDS=5ppm in Water.

Fig. 6. Comparison of experimentally measured void fraction (αexp) with esti-
mated gas volumetric flow fraction from homogeneous flow model (β), for
CSDS=0ppm (D1,0: 150–350 μm) and CSDS=500 ppm (D1,0: 50–200 μm) in
Blood.
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Schmidt et al. [31]; Choi et al. [32]) C0 values ranging from 1.0 to
1.2.

(b) King [38] model succeeds in estimating Ugm based on the volume
average bubble diameter, D4,3.

4.2. Correlation of void fraction measurements with drift-flux model in
Blood

Void fraction prediction in Blood is more complicated. Liquid visc-
osity is 5 times higher compared to Water, while the amount of NaCl
added to simulate blood electrical properties is high enough to decrease
considerably bubble size (bubble coalescence is hindered by the re-
pulsion of Na+ adsorbed at interfaces) even in the absence of surface
active agent. In addition, the presence of surfactant along with the finite
salinity and viscosity of Blood results in the formation of several stable
bubble clusters that rise inside the pipe among numerous other isolated
bubbles, as described in [15,16].

Similarly to Fig. 1 in Water, Fig. 6 examines whether the homo-
geneous flow model correlates satisfactorily the experimental data in
Blood. In this respect, experimental void fraction measured in both the
absence (CSDS= 0 ppm) and the presence of surfactant
(CSDS=500 ppm) is compared to the predicted void fraction applying
the homogeneous flow model (Eq. (1)). Addition of SDS decreases D1,0

from 150 to 350 μm (CSDS=0ppm) to 50–200 μm (CSDS=500 ppm)
despite the formation of bubble clusters in the latter case (clusters are
not so many to affect D1,0). To separate the effect of bubble clusters on
the correlation between measured and theoretical void fraction, ex-
perimental data for CSDS=500 ppm that include bubble clusters are
denoted with distinct symbols in Fig. 6. It is seen that the homogeneous
flow model predicts void fraction with reasonable accuracy (± 15%)
only for those cases with CSDS=500 ppm where no bubble clusters are
noticed. The absence of clusters implies void fraction homogeneity
across the pipe (C0∼ 1) and no slip between the two phases (Ugm∼ 0).
On the other hand, the homogeneous flow model overestimates void
fraction for CSDS=500 ppm in the presence of bubble clusters where
the overall MAPE reaches 63%. Although the number of bubble clusters
is small to change considerably D1,0, however their presence makes the
homogeneous flow model to fail in predicting accurately void fraction
due to induced C0 rise (core peaking void fraction profile) or/and non-
zero average Ugm. Overprediction of experimental void fraction is also
noticed for CSDS=0ppm (MAPE: 74%) where bubbles are noticeably
larger than for CSDS=500 ppm. The aforementioned findings in Blood
are qualitatively comparable with those in Water.

In the previous section, twelve drift-flux models were found to fail
to provide acceptable predictions for all void fraction data for
CSDS= 5 ppm inWater. This was attributed to Ugm overestimation of the
bubble sizes actually encountered in this study. Application of the same
correlations for CSDS=0ppm in Blood confirms this finding. Fig. 7a–c
compare experimental void fraction with the predictions of Zuber and
Findlay [9], Wallis [19] and Hibiki and Ishii [10,23] models, respec-
tively. In most cases, the models underestimate significantly the mea-
sured void fraction. Moreover, predictions vary non-linearly at the
lower void fraction regime (low Usg values). MAPE values decrease from
∼70% to ∼30% with increasing liquid superficial velocity due to the
decreasing Ugm contribution in void fraction estimation (Eq. (2)). The
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Fig. 7. Comparison of experimentally measured void fraction (αexp) with esti-
mated void fraction by (a) Zuber and Findlay [9], (b) Wallis [19] and (c) Hibiki
and Ishii [10,23] drift-flux models, for CSDS=0 ppm in Blood.

Table 4
Mean Absolute Percentage Error (MAPE,%) values for varying superficial liquid
velocities (Usl) employing nine selected drift-flux model based correlations for
CSDS=0ppm in Blood.
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performance of these three models is comparable to each other, al-
though the applied C0 values differ considerably (from 1 to ∼2) while
the estimated Ugm values hardly varies (from 22 to 24 cm/s). This im-
plies that Ugm estimation is erroneous and makes its accurate determi-
nation crucial. Table 4 summarizes MAPE values from the comparison
of experimental and predicted void fractions based on the nine re-
maining drift-flux models of Table 1, except Schmidt et al. [31] that
provides only C0 correlation and not Ugm correlation. It is clear that no
model succeeds in correlating experimental data with a reasonable
accuracy for CSDS=0ppm in Blood, while MAPE values are akin to
those for the three models examined previously.

Then, it is investigated whether Ugm determination using King [38]
improves void fraction prediction for CSDS=0ppm in Blood, as already
shown for CSDS=5ppm in Water. It is stressed that King [38] model
includes a dependence of bubbles rise velocity not only on bubble size
but also on liquid viscosity. Thus, it is considered attractive for proper
estimation of drift velocity in Blood, too. To this end, experimental void
fraction is compared with the estimated void fraction applying thirteen
drift-flux models for C0 determination and King [38] model for Ugm

estimation. The resulting MAPE values for varying Usl values are dis-
played in Table 5. It is shown that most of the models improve their
performance concerning void fraction prediction for CSDS=0ppm in
Blood. Specifically, the performance of two models (Wallis [19], Wol-
desemayat and Ghajar [11]) deteriorates, while ten models (Nicklin
et al. [24], Zuber and Findlay [9], Rouhani and Axelsson [25], Bon-
necaze et al. [26], Greskovich and Cooper [27], Kokal and Stainslav
[28], Hasan [29], Gomez et al. [30], Hibiki and Ishii [10,23], Choi et al.
[32]) perform better. The latter ten models predict 60–100% of ex-
perimental data with greater accuracy when employing King [38] for
Ugm determination. It must be noted that Schmidt et al. [31] does not
provide Ugm correlation for comparison. Poor performance of Wolde-
semayat and Ghajar [11] model has been already explained for
CSDS= 5 ppm in Water, while the failure of Wallis [19] excludes the
case of pretty uniform void fraction distribution across the pipe for
CSDS=0ppm in Blood. It is worthy to mention that Hibiki and Ishii
[10,23] model performs better using King [38] for Ugm estimation, for
all examined Usl values (2.89–29.83 cm/s, corresponding to laminar
flow where C0 is set to 2).

Of greater significance is the fact that Rouhani and Axelsson [25],
Schmidt et al. [31] for μl=1–7 Pa·s and Choi et al. [32] give

satisfactory predictions for CSDS=0ppm in Blood. Fig. 8a–c display
these correlations versus experimental data. It is shown that these three
models predict the majority of experimental void fraction data
within± 30%. This performance is considered adequate according to
the criterion proposed by Bhagwat & Ghajar [7] that assumes a drift-
flux correlation satisfactory if at least 80% of the examined data points
are predicted within±30%. Yet, the non-linear deviations at low void
fractions (low Usg values) still hold. Interestingly, the three top per-
forming correlations for CSDS=0ppm in Blood do not employ a specific
fixed C0 value, as noticed for CSDS=5ppm in Water (C0: 1.0–1.2, in-
dicating roughly uniform void fraction profile across the pipe). They
correlate the distribution parameter with phase velocities, liquid phy-
sical properties and two-phase flow quality. Increase of Usl from
∼3 cm/s to ∼30 cm/s (Re: 140–1480, all laminar flows) for
CSDS=0ppm in Blood results in decrease of the estimated C0 values
from 1.80 to 1.25 applying Rouhani and Axelsson [25] model, from
1.93 to 1.52 applying Schmidt et al. [31] model for μl=1–7 Pa·s and
from 1.98 to 1.43 applying Choi et al. [32] model. This implies a core-
peaking void fraction profile which flattens as Usl increases.

5. Conclusions

This work examines the performance of drift-flux model in a gas-
liquid flow that is encountered in human bloodstream during
Decompression Sickness and additionally found in other two-phase flow
applications, e.g., flow boiling in macro-channels. To our knowledge, it
is the first time that this model is tested at combined low void fractions
(between ∼10−3 and ∼10−1) and sub-millimeter bubble sizes.
Predicted void fraction values are compared to experimental data
measured in co-current upward bubbly flow for varying gas/liquid flow
properties. Water and blood simulant are used as test liquids.
Homogeneous flow model (sub-case of drift-flux model) predicts void
fraction with an accuracy of± 15% in water when the mean bubble
diameter ranges from 50 to 100 μm as well as in blood simulant for a
mean bubble size ranging from 50 to 200 μm. For larger bubbles in
water (average size up to 800 μm), thirteen drift-flux models are ex-
amined. Among them, only Hibiki and Ishii [10,23] predicts sa-
tisfactorily a part of void fraction data and this failure is attributed to
the determination of drift velocity by expressions that do not include a
dependence on bubble size. When a bubble size dependent model (King

Table 5
Mean Absolute Percentage Error (MAPE, %) values for varying superficial liquid velocities (Usl) employing
thirteen drift-flux model based correlations for C0 determination and King [38] model for Ugm determination,
for CSDS=0ppm in Blood.
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[38]) is used for estimating drift velocity, the performance of eleven
drift-flux models, suggesting roughly uniform void fraction across the
pipe, improves substantially and correlate experimental data with an
accuracy of± 10%. In blood simulant, for mean bubble sizes up to
350 μm, three drift-flux models, suggesting core-peaking void fraction
conditions, succeed to correlate satisfactorily experimental data (80%
of data points predicted within± 30%), applying King [38] model.
Even so, a non-linear deviation of predictions from measurements still
exists at low void fractions (low superficial gas velocities).
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