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Highlights 

• Effects of swirl intensity on interfacial and wall friction factors were investigated. 

• Applicability of two-fluid and three-fluid models was discussed. 

• Interfacial and wall friction factor correlations with the interfacial swirl number were 

developed. 

 

Abstract 

Interfacial and wall friction factors, fi and fw, of air-water swirling annular flows in a 

vertical pipe of diameter D = 30 mm were measured in three sections of L* (= L/D) = 7.3, 

13 and 31, where L is the distance from a swirler. The gas and liquid volumetric fluxes, JG 

and JL, were 12.5 < JG < 20.0 m/s and 0.070 < JL < 0.213 m/s, respectively. The interfacial 

swirl number, si, defined by Vi/Viz, where Vi and Viz are the azimuthal and axial 

components of interfacial velocity, was introduced as an indicator of swirl intensity. For z* 

(= z/D) < 7, where z is the axial coordinate in the test section, the si increased with z* at low 
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JG and JL, and slightly decreased with z* at high JG and JL. The si decreased for z* > 7 and 

reached zero at z*  30. The fw estimated using the three-fluid model was larger than that 

estimated using the two-fluid model since the droplet flow rate was not negligible even in 

swirling annular flows. The three-fluid model was therefore more appropriate for 

evaluation of fi and fw than the two-fluid model. The ratio fw* increased with 𝑠̅௜ for 𝑠̅௜ > 

0.25, where fw* is the ratio of fw to that of non-swirling flows and 𝑠̅௜ is the averaged value 

of si in the section. The ratio fi* increased with 𝑠̅௜ for 𝑠̅௜ > 0.18, where fi* is the ratio of fi 

to that of non-swirling flows. Correlations in terms of 𝑠̅௜ have prospect to evaluate the fi 

and fw in swirling annular flows. 

 

Keywords: Swirling annular flow; Interfacial friction factor; Wall friction factor; Two-

fluid model; Three-fluid model 

 

1. Introduction 

The steam separator of a boiling water reactor (BWR) separates steam-water two-phase 

flows generated in the reactor core into water and steam. A swirling annular flow is formed 

in the separator by the centrifugal force caused by stationary vanes of a swirler. The steam 

separator is expected not to cause large pressure drops, which may induce the onset of 

density-wave oscillation in the boiling system. It is therefore important to accurately predict 

the pressure drop of swirling annular flows when designing steam separators. 

Most of numerical codes for thermal-hydraulic analyses adopt a one-dimensional two-

fluid model or a multi-fluid model. There models require closure relations for the interfacial 

and wall friction factors, fi and fw. Several correlations of fi and fw for non-swirling annular 

flows have been proposed, e.g. Wallis (1969), Hewitt and Hall-Taylor (1970) and Fukano 
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and Furukawa (1998). Kataoka et al. (2009) showed that the one-dimensional two-fluid 

model gives reasonable predictions of pressure drops in air-water swirling annular flows by 

multiplying a factor of five to the Wallis model. Funahashi et al. (2018) obtained 

experimental data of fi and fw in air-water swirling annular flows in a vertical pipe. Their fi 

and fw were larger than those evaluated with the Wallis model. The swirl motion increases 

fi and fw, and therefore the effects of the swirl motion should be accounted for in modelling 

fi and fw for accurate predictions of the pressure drop in the steam separator. There are, 

however, no experimental data on the relation between the swirl intensity and the friction 

factors. 

Funahashi et al. (2018) utilized the two-fluid model for the evaluation of fi and fw in the 

swirling annular flows since most of droplets in a swirling annular flow deposit onto the 

liquid film (Kataoka et al. 2008). The three-fluid model, however, should be used for 

evaluating fi and fw if the volumetric flux, JE, of droplets has non-negligible influence. 

Measurements of JE are required to make this point clear. 

We therefore measured the pressure drop and void fraction of air-water swirling annular 

flows in three sections in the vertical direction to investigate the relation between the swirl 

intensity and the friction factors. Flow images were recorded using a high-speed video 

camera to measure velocities of interfacial waves, which were utilized to obtain the 

interfacial swirl number representing the swirl intensity. The fi and fw were evaluated based 

on the one-dimensional two-fluid model. After validating fi and fw based on the two-fluid 

model, we also evaluated fi and fw based on the one-dimensional three-fluid model as well. 

Correlations of fi and fw expressed in terms of the interfacial swirl number were also 

developed. 
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2. Experimental method 

2.1 Experiment setup 

Fig. 1 shows the experimental setup, which consists of the test section, the swirler, the 

entrance section, the air-water mixing section, the upper tank, the water tank, the bypass 

section, the water supply system and the air supply system. The inner diameters, D, of the 

test section and the entrance section were 30 mm. The lengths of the test section and the 

entrance section were 1170 and 305 mm, respectively. The test section was made of 

transparent acrylic resin for flow observation. Air was supplied from the compressor 

(ANEST IWATA, SLP110) to the mixing section through the flowmeter (NIPPON FLOW 

CELL, FLT-N) and the regulator (CKD, R6000-20). The pump (Iwaki, MD-40R-N) 

supplied tap water stored in the water tank to the mixing section through the flow meter 

(NIPPON FLOW CELL, FLT-N). An air-water two-phase flow flowed up in the entrance 

section and the swirler formed a swirling two-phase flow in the test section. After reaching 

the upper tank, air was discharged into atmosphere and water returned to the water tank. 

The temperatures of air and water were 298 + 2 K. The experiments were carried out at 

atmospheric pressure.  

The swirler shown in Fig. 2 was installed between the entrance section and the test 

section, i.e. 305 mm above the mixing section. The axial coordinate z in the test section is 

0 at the top end of the swirler. The swirler made of ABS (Acrylonitrile Butadiene Styrene) 

resin had the hub of 6 mm diameter and eight stationary vanes with the vane angle of 30° 

near the hub and of 60° at its perimeter. 

The liquid-separation performance in the steam-water separator of an actual BWR can 

be reproduced in a downscaled air-water separator by setting the quality and the two-phase 

centrifugal force per unit volume of the two separators the same (Katono et al., 2014). Based 
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on this scaling law, the nominal operating condition of the advanced BWR corresponds to 

JG = 18.7 m/s and JL = 0.129 m/s in the present system. The ranges of the gas and liquid 

volumetric fluxes were determined in such a way as to include these volumetric fluxes, i.e. 

12.5 < JG < 20.0 m/s and 0.070 < JL < 0.22 m/s. 

 

2.2 Measurement method and flow observation 

The pressure drop, P, and void fraction, G, were measured in three sections of L* (= 

L/D) = 7.3, 13, 31, where L is the distance from the swirler to the center of each 

measurement section. The L* = 7.3 corresponds to the distance from the swirler to the third 

pick-off ring in an actual BWR separator (Nakao et al., 1998). The pressure drop was 

measured using differential pressure transducers (VALIDYNE ENGINEERING, DP45) 

and the pressure taps were at z = L + 145 mm. The sampling frequency was 1000 Hz and 

the sample number was 60000. The uncertainty estimated at 95% confidence in the time-

averaged pressure drop was less than 1.1%. 

The P consists of the frictional pressure drop PF and the static pressure drop PG: 

 

Δ𝑃 ൌ Δ𝑃ி ൅ Δ𝑃  (1) 

 

since the acceleration pressure drop is negligible. The latter is given by 

 

Δ𝑃 ൌ ሾ𝛼ீ𝜌ீ ൅ ሺ1 െ 𝛼ீሻ𝜌௅ሿ𝑔ℎ (2) 

 

where  is the volume fraction,  the density, g the acceleration of gravity, h the distance 

between the pressure taps, and the subscripts G and L denote the gas and liquid phases, 
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respectively. PF is calculated by substituting the measured values of P and G into the 

following equation: 

 

Δ𝑃ி ൌ Δ𝑃 െ ሾ𝛼ீ𝜌ீ ൅ ሺ1 െ 𝛼ீሻ𝜌௅ሿ𝑔ℎ (3) 

 

The void fraction was measured in each measurement section by using quick-closing 

valves (QCVs) (Funahashi et al., 2018). Two QCVs were installed at z = L + 190 mm. 

Another QCV was installed in the bypass connecting the entrance section and the water 

tank and was opened when two QCVs were closed to prevent a large pressure surge in the 

pipe. The instantaneous void fraction of the ith measurement, Gi, was obtained by 

measuring the height, Hi, of liquid accumulated in the measurement section: 

 

𝛼ீ௜ ൌ 1 െ 𝐻௜ 𝐻⁄  (4) 

 

where H is the distance between the two QCVs. The ensemble-averaged void fraction was 

given by 

 

𝛼ீ ൌ
1
𝑛
෍ 𝛼ீ௜

௡

௜ୀଵ
 (5) 

 

where n is the total number of measurements, which was adjusted so as to obtain an accurate 

G, and ranged from 30 to 100. The uncertainty estimated at 95% confidence in G was less 

than 0.65%. 

Flows in the pipe were observed using a high-speed video camera (IDT, Motion Pro X-

3). The frame rate and exposure time were 2500 frames/s and 400 s, respectively. The 
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particle image velocimetry (PIV) was applied to images to measure the azimuthal and axial 

components, Vi and Viz, of interfacial wave velocity at the gas-liquid interface. Optical 

distortion due to the curved surface of the pipe was corrected based on the Snell’s law. 

Interrogation areas of 9 x 9 mm (60 x 60 pixels) were located at the center of the pipe. 

10000 sequential images were used for the calculation of Vi and Viz in each condition. The 

uncertainties estimated at 95% confidence in Vi and Viz at L* = 7.3 were less than 2.8% and 

1.7%, respectively. 

 

 

Fig. 1 Experimental setup 
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Fig. 2 Swirler 

 

2.3 Evaluation of fi and fw based on two-fluid model 

The one-dimensional two-fluid model for a fully-developed annular flow in a vertical 

pipe assumes that an annular liquid film flows along the pipe wall and the gas phase flows 

in the center region of the pipe. The volume fractions satisfy 

 

𝛼ீ ൅ 𝛼௅ ൌ 1 (6) 

 

The momentum conservation equations of the gas and liquid phases are given by 

 

𝛼ீ
𝜕𝑃
𝜕𝑧

ൌ െ𝛼ீ𝜌ீ𝑔 െ
4𝜏௜ඥ𝛼ீ
𝐷

 (7) 

 

𝛼௅
𝜕𝑃
𝜕𝑧

ൌ െ𝛼௅𝜌௅𝑔 ൅
4൫𝜏௜ඥ𝛼ீ െ 𝜏௪൯

𝐷
 (8) 

 

where P is the pressure,  the shear stress and the subscripts i and w denote the interface 

and the wall, respectively. The i and w are expressed in terms of fi and fw, respectively, as 

follows: 

 

60o

30 mm

60o

Flow 6 mm 

33
 m

mHub
Vane

6 mm 

30o

Thickness
1 mm

(a) Bird’s-eye view (b) Side view
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𝜏௜ ൌ 𝑓௜
𝜌ீሺ𝑉 െ 𝑉௅ሻଶ

2
 (9) 

 

𝜏௪ ൌ 𝑓௪
𝜌௅𝑉௅

ଶ

2
 (10) 

 

where V is the phase-averaged velocity given by V = J/. Solving Eqs. (7) and (8) for fi and 

fw yields 

 

𝑓௜ ൌ
െ𝐷𝛼ீ

2𝜌ீඥ𝛼ீሺ𝑉 െ 𝑉௅ሻଶ
൬
𝜕𝑃
𝜕𝑧

൅ 𝜌ீ𝑔൰ (11) 

 

𝑓௪ ൌ
െ𝐷

2𝜌௅𝑉௅
ଶ ൤
𝜕𝑃
𝜕𝑧

൅ 𝛼ீ𝜌ீ𝑔 ൅ ሺ1 െ 𝛼ீሻ𝜌௅𝑔൨ (12) 

 

Experimental data of G and P/z are required for the evaluation of fi and fw using Eqs. 

(11) and (12). 

 

2.4 Evaluation of fi and fw based on three-fluid model 

The one-dimensional three-fluid model for a fully-developed annular flow in a vertical 

pipe accounts for the presence of droplets entrained in the gas-core. The volume fractions 

satisfy 

 

𝛼ீ ൅ 𝛼௅ ൌ 𝛼ீ ൅ 𝛼ி ൅ 𝛼ா ൌ 1 (13) 

 

where the subscripts F and E denote the liquid film and the droplets, respectively. The 

momentum conservation equations of the gas phase, the liquid film and the droplets are 
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given by 

 

𝛼ீ
𝜕𝑃
𝜕𝑧

ൌ െ𝛼ீ𝜌ீ𝑔 െ
4𝜏௜ඥ𝛼ீ
𝐷

െ 𝛾ாீ𝜏ாீ (14) 

 

𝛼ி
𝜕𝑃
𝜕𝑧

ൌ െ𝛼ி𝜌௅𝑔 ൅
4൫𝜏௜ඥ𝛼ீ െ 𝜏௪൯

𝐷
 (15) 

 

𝛼ா
𝜕𝑃
𝜕𝑧

ൌ െ𝛼ா𝜌௅𝑔 ൅ 𝛾ாீ𝜏ாீ (16) 

 

where EG is the interfacial area concentration of droplets, and EG the shear stress acting on 

the droplet interfaces. The shear stresses i and w are given by 

 

𝜏௜ ൌ 𝑓௜
𝜌ீሺ𝑉 െ 𝑉ிሻଶ

2
 (17) 

 

𝜏௪ ൌ 𝑓௪
𝜌௅𝑉ி

ଶ

2
 (18) 

 

Solving Eqs. (14)-(16) for fi and fw yields 

 

𝑓௜ ൌ
െ𝐷ሺ𝛼ீ ൅ 𝛼ாሻ

2𝜌ீඥ𝛼ீሺ𝑉 െ 𝑉ிሻଶ
൬
𝜕𝑃
𝜕𝑧

൅ 𝜌ெ𝑔൰ (19) 

 

𝑓௪ ൌ
െ𝐷

2𝜌௅𝑉ி
ଶ ൤
𝜕𝑃
𝜕𝑧

൅ 𝛼ீ𝜌ீ𝑔 ൅ ሺ1 െ 𝛼ீሻ𝜌௅𝑔൨ (20) 

 

where M is the mixture density defined by 
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𝜌ெ ൌ
𝛼ீ𝜌ீ ൅ 𝛼ா𝜌௅
𝛼ீ ൅ 𝛼ா

 (21) 

 

In addition to G and P/z, data of E and VF are required for the evaluation of fi and fw.  
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3. Results and discussion 

3.1 Swirl intensity 

Fig. 3 shows the axial distributions of Vi and Viz, which take the largest values at the 

outlet of the swirler and increase with increasing JG and JL. For z* (= z/D) < 7, Vi and Viz 

decrease with increasing z*, while Viz becomes almost constant for z* > 7. On the other hand, 

Vi keeps decreasing until reaching zero at z*  30. 

 

 

 

Fig. 3 Axial distributions of Vi and Viz 
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The following swirl number, s, has been used for the evaluation of swirl intensity of a 

single-phase flow (Hatazawa, 1998): 

 

𝑠 ൌ
׬ ׬ 𝜌𝑉ఏ𝑉௭𝑟ଶ𝑑𝜃

ଶగ
଴ 𝑑𝑟

஽ ଶ⁄

଴
𝐷
2 ׬ ׬ 𝜌𝑉௭ଶ𝑟𝑑𝜃

ଶగ
଴ 𝑑𝑟

஽ ଶ⁄

଴

 (22) 

 

where r is the radial coordinate. The swirl number requires the data of V and Vz for the 

entire range of r and  in the integration. The simplified swirl number, ss, defined by using 

V/Vz at 2r/D = 0.95 instead of the integration has often been used (Yajnik and Subbaiah 

1973; Hatazawa 1998; Hatazawa 2011) since the characteristics of swirling flows strongly 

appear in the vicinity of a pipe wall. Based on the concept of ss, we introduce the following 

interfacial swirl number, si, as an indicator of swirl intensity of two-phase annular flow: 

 

𝑠௜ ൌ
𝑉௜ఏ
𝑉௜௭

 (23) 

 

Fig. 4 shows the axial distributions of si. For z* < 7, si increases with z* at low JG and JL, 

whereas si slightly decreases with z* at high JG and JL. The increase in si with respect to z* 

after passing through the swirler is caused by the weak decay rate of Vi. An increase in ss 

after passing through a swirl was also observed in a single-phase swirling flow (Yajnik and 

Subbaiah 1973; Hatazawa 1998). For z* > 7, si decreases with increasing z* and the 

dependence of si on JG is small in the present condition. This result indicates that flows at 

L* = 7.3 are in a swirling flow regime and those at L* = 31 are in a non-swirling flow regime. 
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Fig. 4 Axial distributions of si 

 

3.2 Void fraction and pressure drop 

Figs. 5(a)-(c) show measured G at L* = 7.3, 13 and 31, respectively. The G increases 

with increasing JG and decreasing JL. Fig. 5(d) shows the G data at JL = 0.071, 0.142 and 

0.213 m/s to make the L* dependence clear. The difference in G between the sections is 

less than 1.2%, and therefore, the effect of si on G is weak. 

 

 

Fig. 5 Void fraction G 
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Fig. 6 shows effects of JG, JL and L* on P. The P increases with increasing JG and JL 

and decreases with increasing L*, which means that P decreases with increasing the swirl 

intensity as reported in Liu et al. (2020). Figs. 7 (a) and (b) show PG and PF, respectively. 

The static pressured drop PG is independent of L*, since G is not affected by L* as shown 

in Fig. 5(d). In contrast, the frictional pressure drop PF decreases with increasing L*, in 

other words, with increasing the swirl intensity. 

 

 

Fig. 6 Pressure drop P 
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Fig. 7 PG and PF 

 

3.3 fi and fw based on two-fluid model 

Fig. 8 shows the relation between fi and L. The fi increases with increasing L and 

decreasing L*, i.e. fi increases with increasing the swirl intensity. The solid and broken lines 

are drawn by using the two representative fi correlations for non-swirling annular flows, Eq. 

(24) (Wallis, 1969) and Eq. (25) (Fukano and Furukawa, 1998): 

 

𝑓௜ ൌ 0.005ሺ1 ൅ 75𝛼௅ሻ (24) 
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𝑓௜ ൌ
0.425ሺ1 ൅ 3𝛼௅ሻ଼

ቀ12 ൅ 𝜈௅
𝜈ௐ
ቁ
ଵ.ଷଷ  (25) 

 

where  is the kinematic viscosity and the subscript W denotes water. The former correlation 

is for a fully-developed annular flow, whereas the latter is for a developing annular flow. 

The fi data at L* = 31, i.e. non-swirling flow, agree well with the Fukano-Furukawa 

correlation for L < 0.1, although the increasing rate dfi/dL of the correlation is somewhat 

different from the data. The data at L* = 13 and 31 for L > 0.1 are lower than the correlation. 

The main cause of this difference between Eq. (25) and the data for L > 0.1 is the flow 

pattern difference. The video image analyses confirmed that the flow pattern at L* = 13 and 

31 for L > 0.1 is not annular but the transition regime between churn and annular flows. 

Weak interfacial shear stress due to weak upward gas velocity (low JG) may retard the liquid 

velocity in the upward direction (Kurimoto et al., 2022), causing the flow pattern transition 

to churn flow and decrease in the form drag. 

 

 

Fig. 8 fi based on two-fluid model 
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The relation between fw and the liquid Reynolds number, ReL, is shown in Fig. 9, where 

ReL is defined by  

 

𝑅𝑒௅ ൌ
𝐽௅𝐷
𝜈௅

 (26) 

 

The solid lines in the figure represent the following correlation of fw for non-swirling 

annular flows (Wallis, 1969; Hewitt and Hall-Taylor, 1970): 

 

𝑓௪ ൌ ൜
16 𝑅𝑒௅⁄                           for 𝑅𝑒௅ ൑ 2300
0.079 𝑅𝑒௅

଴.ଶହ⁄                 for 𝑅𝑒௅ ൐ 2300
 (27) 

 

The fw data for L* = 7.7 are larger than Eq. (27) and those for L* =13 and 31 are smaller than 

Eq. (27). The latter implies that the actual volumetric flux of the liquid film were smaller 

than JL, i.e. some of the liquid phase might flow as droplets in the gas-core. The volume 

fraction of droplets might increase with increasing z* due to the decrease in swirl intensity. 

We therefore evaluate fi and fw based on the three-fluid model in the next section. 
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Fig. 9 fw based on two-fluid model 

 

3.4 fi and fw based on three-fluid model 

As noted in section 2.4, E and VF data are required to evaluate fi and fw based on the 

three-fluid model. The volume flow rate of the liquid film was measured using a pick-off-

ring (POR) installed at L* = 7.3, 13 or 31 (Fig. 10) to obtain the volumetric fluxes of droplets 

and the liquid film, JE and JF (= JL  JE). The tip of the POR was tapered off to smoothly 

collect the liquid film. Before installing the POR, the liquid film thicknesses were measured 

using a laser focus displacement meter (LFD) (KEYENCE, LR-9030) (Takamasa and 

Hazuku, 1998; Funahashi et al., 2016) to determine the gap thickness between the wall and 

the POR. An example of the measured instantaneous liquid film thicknesses is shown in 

Appendix A. The maximum liquid film 99 defined as the value at 99% of the cumulative 

frequency distribution of the instantaneous liquid film thickness was less than 2.0 mm even 

at JG = 12.5 m/s and JL = 0.213 m/s, at which the mean liquid film is the thickest in all the 

experimental conditions. Furthermore, we measured the volume flow rate of the liquid film 

using two PORs with different gap thicknesses of 2.0 and 2.3 mm, and confirmed that both 

gave the same values of JE. Hence the wall thickness of the POR and the gap thickness were 
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determined to be 0.5 and 2 mm, respectively. 

 

 

Fig. 10 Separation of liquid film using POR 

 

Fig. 11 shows the relation between JE and JL. The solid and broken lines are the following 

correlations of the entrained liquid fraction E (= JE/JL) proposed by Oliemans et al. (1986) 

and Cioncolini and Thome (2010), respectively: 

 

𝐸
1 െ 𝐸

ൌ 10௖బ𝜌௅
௖భ𝜌ீ

௖మ𝜇௅
௖య𝜇ீ

௖ర𝜎௖ఱ𝐷௖ల𝐽௅
௖ళ𝐽௖ఴ𝑔௖వ (28) 

 

𝐸 ൌ ሺ1 ൅ 13.18𝑊𝑒஼
ି଴.଺ହହሻିଵ଴.଻଻ (29) 

 

where cj (j = 0-9) are constants,  the viscosity,  the surface tension, and WeC the Weber 

number of the gas core defined by WeC = CVC
2DC/. Here C is the droplets-laden gas-core 

density, VC the core flow velocity and DC the core flow hydraulic diameter. Both the 

measured and calculated JE increase with increasing JL. The measured JE also increases 

with increasing L*, i.e. with decreasing the swirl intensity. The measured JE for JG = 12.5 
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and 15.0 m/s, i.e. for weak centrifugal force cases, agree well with Eq. (28), whereas they 

approach Eq. (29) with increasing JG. As expected, the droplet entrainment is enhanced due 

to the decay of swirling intensity. The JE decreases with increasing JG. This is because the 

increase in the centrifugal force due to the increase in JG promotes the droplet deposition. 

The maximum and minimum E calculated using the measured JE are 0.32 and 0.073, 

respectively.  

 

 

Fig. 11 Comparisons of JE with correlations 

 

The droplet fraction E and film velocity VF can be calculated using the relations of V = 

J/ and L = E + F if the droplet velocity VE is known. Although Azzopardi (1997) 

reported that the droplet velocity is about 80% of the gas velocity in non-swirling annular 

flows, there are no data of VE in swirling annular flows. We therefore examined the 

sensitivity of VE on evaluated fi and fw. If we assume that the drag coefficient is 0.4 and the 

droplet diameter is 500 m, which might be too large for vertical annular flows (Fore and 
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Dukler, 1995; Zhang et al., 2019), VE becomes about 70% of VG. Since VE is less than VG 

due to the gravitational force in an upward flow, the upper bound of VE/VG is unity. We 

therefore calculated fi and fw at VE/VG = 0.7 and 1. The maximum values of the ratios, fi|0.7/fi|1 

and fw|0.7/fw|1, where f|0.7/f|1 is the ratio of f at VE/VG = 0.7 to f at VE/VG = 1, in the present 

experimental range are 0.37% and 3.0%, respectively. The ratios are small, and therefore, 

VE in the range of 0.7VG to VG does not affect fi and fw so much. We therefore assumed VE 

= 0.8VG. 

Fig. 12 shows the relation between fw based on the three-fluid model and the film 

Reynolds number, ReF, defined by 

 

𝑅𝑒ி ൌ
𝐽ி𝐷
𝜈௅

 (30) 

 

The solid line is the fw correlation, Eq. (27), calculated by using ReF instead of ReL. The fw 

data are larger than those in Fig. 9. In addition, the lower bound of fw at L* = 31 (non-

swirling flow) is close to Eq. (27). The fw decreases with increasing JG, which agrees with 

the observation by Funahashi et al. (2018). The fw also decreases with increasing L*, i.e. the 

decay of the swirl intensity causes the decrease in fw. In a single-phase swirling flow with 

high swirl intensity, the axial velocity takes a wall-peaking distribution (Kitoh, 1991; 

Hatazawa, 1998). The large velocity gradient in the wall-peaking velocity distribution could 

be the cause of the increase in fw. 
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Fig. 12 fw based on three-fluid model 

 

Fig. 13 shows the relation between fw
* and 𝑠̅௜, where fw* is the ratio of fw at L* = 7.3 or 

13 to fw at L* = 31, and the 𝑠̅௜ is the mean value of si in the measurement section. The ratio 

is almost unity for 𝑠̅௜ < 0.25 and increases with 𝑠̅௜ for 𝑠̅௜ > 0.25. As mentioned above, a 

single-phase swirling flow with high swirl intensity forms a wall-peaking distribution of 

the axial velocity, while that with low swirl intensity forms a core-peaking distribution 

(Kitoh, 1991; Hatazawa, 1998). Hatazawa (2011) reported that the transition from the core- 

to wall-peaking distributions takes place at ss  0.27 in single-phase flows. Thus, 𝑠̅௜ = 0.25 

well corresponds to the transition from the core- to the wall-peaking distributions.  

The fw can be expressed as 

 

𝑓௪ ൌ 𝑓௪∗ሺ𝑠̅௜ሻ𝑓௪,௡௦ (31) 

 

where fw,ns is fw for non-swirling flows, i.e. fw at L* = 31. The fw* is expressed in terms of 𝑠̅௜:  
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𝑓௪∗ሺ𝑠̅௜ሻ ൌ ൜
7.2ሺ𝑠̅௜ െ 0.25ሻ ൅ 1                for 𝑠̅௜ ൐ 0.25
1                                                 for 𝑠̅௜ ൑ 0.25

 (32) 

 

The fw,ns is correlated as  

 

𝑓௪,௡௦ ൌ
16

𝑅𝑒ி
଻.ଶൈଵ଴షయ𝑅𝑒ீ

଴.଺଻
 (33) 

 

where ReG is the gas Reynolds number defined by 

 

𝑅𝑒ீ ൌ
𝐽 𝐷
𝜈ீ

 (34) 

 

 

Fig. 13 Relation between fw* and 𝑠̅௜ 

 

The comparison of fw between the measured data and Eq. (31) is shown in Fig. 14. The 

correlation evaluates 93% of the measured data to within +15% errors. 
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Fig. 14 Comparison between measured and predicted fw 

 

Fig. 15 shows the relation between fi and F. The solid line is the fi correlation, Eq. (25), 

calculated as L = F. Being similar to fi based on the two-fluid model, fi increases with 

increasing F and decreasing L*. Difference between fi of the two-fluid and three-fluid 

models is small. The largest difference is 9.4% at JG = 12.5 m/s and JL = 0.213 m/s at L* = 

31. There are two differences between Eqs. (11) and (19): the change from G to G + E 

in the numerator; and the change from VG - VL to VG - VF in the denominator. The ratios of 

G + E to G and VG - VF to VG - VL are 0.67 and 3.4 % at most, respectively. In contrast, 

the change from VL
2 to VF

2 in the denominators of Eqs. (12) and (20) results in the large 

change in fw as shown in Figs. 9 and 12. The fi data at L* = 31 deviate from Eq. (25) for L 

> 0.1. 25% of the measured data are out of the range of +20% errors of Eq. (25). 
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Fig. 15 fi based on three-fluid model 

 

Fig. 16 shows the relation between fi
* and 𝑠̅௜, where fi* is the ratio of fi at L* = 7.3 or 13 

to fi at L* = 31. Being similar to fw*, the ratio fi* asymptotically approaches unity as 𝑠̅௜ 

decreases to 0.18. This would be due to the increase in the form drag caused by swirl motion. 

The interfacial friction factor fi is expressed as 

 

𝑓௜ ൌ 𝑓௜
∗ሺ𝑠̅௜ሻ𝑓௜,௡௦ (35) 

 

where fi,ns is fi for non-swirling flows, i.e. fi at L* = 31. The ratio fi* is correlated with 𝑠̅௜: 

 

𝑓௜
∗ሺ𝑠̅௜ሻ ൌ ൜

2.1ሺ𝑠̅௜ െ 0.18ሻ ൅ 1     for 𝑠̅௜ ൐ 0.18
1                                       for 𝑠̅௜ ൑ 0.18

 (36) 

 

The interfacial friction factor for non-swirling flows fi,ns is correlated in terms of fG and F: 

 

𝑓௜,௡௦ ൌ 𝑓 ሺ1 ൅ 120𝛼ிሻଵ.ଶ (37) 
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where fG is given by 

 

𝑓 ൌ
0.079

𝑅𝑒ீ
଴.ଶହ (38) 

 

 

Fig. 16 Relation between fi and 𝑠̅௜  

 

The comparison between the measured data and Eq. (35) is shown in Fig. 17. The 

correlation evaluates 90% of the measured data to within +15% errors. 

 

 

Fig. 17 Comparison between measured and predicted fi 
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4. Conclusion 

The interfacial and wall friction factors, fi and fw, of air-water swirling annular flows in a 

vertical pipe were investigated based on the steady-state one-dimensional two-fluid and 

three-fluid models. The pressure drops and void fractions of the swirling flows were 

measured in three sections of the pipe (L* = 7.3, 13 and 31) to evaluate the effects of swirl 

intensity, and flows in the pipe were observed to obtain the azimuthal and axial components, 

Vi and Viz, of interfacial velocity. The interfacial swirl number, si, was defined by Vi/Viz to 

represent swirl intensity, and 𝑠̅௜, which is the averaged value of si in each section, was 

introduced. For the evaluation of fi and fw based on the three-fluid model, the volume flow 

rate of the liquid film was measured using a pick-off ring. The following conclusions are 

obtained: 

 

1. The three-fluid model is more appropriate for evaluation of fi and fw than the two-fluid 

model since entrained liquid fraction is not negligible even in swirling annular flows. 

2. The ratio fw
* of fw to that of non-swirling flows is unity for 𝑠̅௜ < 0.25 and increases with 

𝑠̅௜  for 𝑠̅௜  > 0.25. This tendency implies that the transition of the axial velocity 

distribution from core-peaking to wall-peaking due to the increase in the swirl intensity 

causes the increase in fw. 

3. The ratio fi* of fi to that of non-swirling flows asymptotically approaches unity as 𝑠̅௜ 

decreases to 0.18. This means that the form drag increases with 𝑠̅௜ for 𝑠̅௜ > 0.18. 

4. Correlations in terms of 𝑠̅௜ have prospect to evaluate the fi and fw in swirling annular 

flows. 
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The developed correlations of fi and fw expressed in terms of 𝑠̅௜  evaluates the present 

experimental data to within +15% errors. 
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Appendix A. Instantaneous liquid film thickness 

Fig. A1 shows a time series of the instantaneous liquid film measured using a LFD at JG 

= 12.5 m/s and JL = 0.213 m/s, at which the mean liquid film is the thickest in all 

experimental conditions. The maximum liquid film thickness 99 was less than 2.0 mm, 

where 99 is defined as the value at 99% of the cumulative frequency distribution of the 

instantaneous liquid film. 

 

 

Fig. A1 Time series of instantaneous liquid film thickness 

at JG = 12.5 m/s and JL = 0.213 m/s 
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