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Abstract 
The flow properties of fine bubble mixture flows are investigated and reported. Few previous stu-
dies have focused on ultra-fine bubble (UFB) mixtures, which contain sub-micrometer sized bub-
bles. In this study, UFB mixtures of water and glycerol solution are passed through micro-sized 
slits and capillaries, and the resultant pressure drops are evaluated in comparison with those for 
water and aqueous glycerol alone. The experimentally measured pressure drop for slits (≤51 μm) 
and capillaries (≤81 μm) is less for UFB mixtures than for water and aqueous glycerol alone. This 
phenomenon is considered in terms of interface behavior and attributed to the electric interaction 
between an electric double layer and the UFBs. Furthermore, numerical observation for slip wall 
conditions is conducted, and the results for UFB mixtures agree with the predicted values for slip 
wall conditions. 
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1. Introduction 
Many studies have been carried out in recent years on drag reduction, flow property, cleaning and washing ef-
fect, and water purification of fine bubble (FB) mixtures, which contain sub-millimeter sized bubbles. Sanders et 
al. [1] investigated drag reduction of FB in high Reynolds number mixtures with bubbles near the surface on 
which the boundary layer forms, and found that the effect was lost when wall shear induced the migration of the 
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bubbles from the wall surface. Shen et al. [2] reported friction reduction in a turbulent water channel flow using 
a nitrogen/water FB mixture. Murai et al. [3] studied skin friction reduction in ship walls using relatively large 
FBs, and reported the dependency of average skin friction on bubble size under intermediate bubble size condi-
tions. Mohanarangam et al. [4] numerically observed the phenomenon of drag reduction by the injection of FBs 
in the turbulent boundary layer by using a Eulerian-Eulerian two-fluid model, and discussed the change in mean 
velocity profiles, void fraction and turbulence modification as the corresponding gas injection rates were 
changed. Tom and Liu [5] conducted experiments on the pressure drop in high-viscosity liquids containing FBs. 
Nouri et al. [6] investigated the effect of FBs on the pressure drop generated by frictional losses in upward pipe 
flows, and reported a reduction in pressure drop. The above studies described “turbulent drag reduction” for FB 
mixtures in relatively high Reynolds numbers. For instance, Reynolds number ≤ 2.1 × 108 (Sanders et al. [1]), 
Reynolds number ≤ 1.0 × 107 (Shen et al. [2]), Reynolds number ≤ 1.7 × 104 (Murai et al. [3]), and Reynolds 
number ≤ 3.0 × 103 (Nouri et al. [6]) were used. Additionally, their used FB sizes were relative large scales (Al-
though a minimum particle diameter was 44 μm [2], almost all FB sizes were more than 100 μm). 

Moreover, regardless of the theme of frictional resistance, studies on the flow properties were reported. Ya-
nuar et al. [7] conducted an experimental study on identifying the effects of injected FBs on a large scale boat- 
type model. Choi et al. [8] observed the flow properties of FB mixtures (mixed in surfactant solutions) passing 
through porous media. Jovanovića et al. [9] measured the pressure drop in liquid-liquid (viz. water-toluene and 
ethylene glycol/water-toluene) slug flows through micro-sized channels and capillaries. 

Furthermore, development of the applications using FBs is as follows. Miyamoto et al. [10] developed a 
new cleaning technology that uses FBs to reduce the environmental impact and cost of industrial cleaning, 
and found that the cleaning rates using FBs were greatly improved compared with using normal bubbles. Liu 
et al. [11] and Versluis [12] also conducted similar industrial cleaning tests on FB mixtures. Lee et al. [13] 
observed the influence of FBs on human skin cleansing. Ushida et al. [14] measured the washing rates of FB 
mixtures applied to cloth and found that the resultant washing rates were larger when using FB mixtures than 
water alone. Burns et al. [15] examined several factors that affected the size of FBs produced by the processes 
of electroflotation, dissolved air flotation, and a relatively new method known as electrostatic spraying. Fuji-
wara et al. [16] developed FB generation techniques proposed in previous studies. Yamada et al. [17] dis-
cussed the relationship between bubble size populations and their effects on oxygen supply. Tsuge et al. [18] 
investigated the bactericidal effect of ozone FBs on Bacillus subtilis by changing parameters such as the out-
let pressure of the pump, elapsed time, concentration of fed and dissolved ozone, and FB formation method. 
Ohnari et al. [19] investigated the water purification and recovery of oyster cultures in a bay by using FBs. 
Zhang et al. [20] observed a novel ozonation system based on FB technique was applied as a disinfection 
process. Ikeura et al. [21] investigated effect of ozone FBs treatment on the removal of residual fenitrothion 
and reported the continuous bubbling ozone FBs treatment was more effective than the non-bubbling ozone 
FBs treatment at reducing the residual fenitrothion. Numerous interesting applications of FB mixtures have 
been developed and are used in several fields. 

Many previous studies of FB mixtures have investigated the shear flows in pipe and channel flows. However, 
there are few reports of elongational flows, such as orifice flows and slit flows, and even fewer studies of ultra- 
fine bubble (UFB) mixtures in elongational flows. Especially, the uses of characteristic length for ≤100 μm and 
of UFB mixtures were limited. In the present study, the pressure drop in UFB mixtures passing through small 
slits and capillaries (micro-apertures) was measured, and their flow properties were investigated. Additionally, 
the effects of UFB mixtures on the flow properties of water and glycerol solutions were clarified. 

2. Experimental Setup 
2.1. Small Slit 
Table 1 shows the specifications of the small slits used in our experiments. To construct a slit, two pieces of 
stainless steel (SUS304) of thickness H = 200 μm were attached to an aluminum base plate (Figure 1). The slit 
width, B, was in the range of 39 to 113 μm, and the slit length, W, was 20 mm. The slits were almost the same as 
those used in previous study [22]. 

2.2. Experimental Apparatus 
Figure 2(a) and Figure 2(b) show an overview of the experimental apparatus. The experimental apparatus  
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Table 1. Details of the slits. 

Width, B [μm] Thickness, H [μm] Thickness ratio, H/B [-] 

113 200 1.77 

81 200 2.46 

51 200 3.92 

39 200 5.13 

 

 
Figure 1. Schematic of the slits. 

 

     
(a)                                               (b) 

Figure 2. Schematic of experimental apparatus for measuring pressure drops in case of (a) slit flows 
and (b) capillary flows. 

 
shown in Figure 2(b) was described in the “capillary flows” section. A syringe pump (JP-H1, Furue Science Co. 
Ltd., Japan) was charged with a test fluid, which was then fed into a channel at a constant flow rate, Q. A slit 
was placed at the end of the channel, with the liquid passing through the slit as a jet. Pressure ports were built 
into an acrylic channel (inner diameter, 25 mm; length, 180 mm) and acrylic vessel. The differential pressures 
were measured as pressure drops, Δp, by using a pressure transducer (SPD-12, Tsukasa Sokken Co. Ltd., Japan). 
Pressures of 500 Pa, 10 kPa, 100 kPa, and 500 kPa were used, corresponding to the Δp values. For pressures of 
more than 500 kPa, Bourdon pressure gauges (0.5 and 1.0 MPa, Yamamoto Keiki Instrument Co. Ltd., Japan) 
were used after calibration. 

2.3. Test Fluids 
The test fluids used in this study were as follows: an aqueous mixture containing 1.0 vol% UFBs (hereinafter 
called UFB water) and deionized water (electric conductivity = 0.055 μS∙cm−1; GSR-200, ADVANTEC Co. Ltd., 
Japan; hereinafter simply called water). In addition, aqueous solution of glycerol (1:1, glycerol/water w/w) and 
mixed UFB glycerol solution were used (hereinafter, glycerol and UFB glycerol, respectively). The UFB mix-
tures were prepared with a UFB generator (Nano Aqua MN-20, TECH CORPORATION Co. Ltd., Japan) by 
means of a high swirl flow. The resulting mixtures contained 1.0 vol% UFBs, as per the settings of the UFB ge-
nerator, and were measured by a nanoparticle analyzer (NanoSight LM1-HS, Quantum Design Japan Co. Ltd., 
Japan). Furthermore, the UFB diameter, also measured by the nanoparticle analyzer, was approximately 110 nm 
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(peak diameter, 70 nm) as shown in Figure 3 (number density, Nb, versus particle diameter, Db). 
The density, ρ, of the UFB mixtures was measured on the Baume scale, and found to be 0.99 times the density 

of water and glycerol. This density was the averaged value of numerous measurements in the temperature range 
of 5˚C to 30˚C. 

The viscosity, μ, was measured by using a capillary viscosity meter, which measures the pressure drops and 
flow rate assuming Hagen-Poiseuille flows. Figure 4 shows the measured viscosity (Equation (1)), μ, plotted 
against shear rate on the wall, SRw. 

4π
128

c

c

D p
L Q

µ ∆
= ⋅                                      (1) 

Good agreement between the experimental values and the predictions of Newton’s Law was observed. The all 
error bars (= 13%) were estimated by individual measurement error, flow rate = 1%, diameter = 1%, and pres-
sure drop = 8%. The viscosity of UFB water was found to be the same as the viscosity of water (μ = 1.0 × 10−3 
Pa∙s). Moreover, as shown in Figure 4, the viscosity of glycerol and UFB glycerol was 10 times that of water. 
Thus, μ = 1.0 × 10−2 Pa∙s was estimated in glycerol and UFB glycerol. 
 

  
Figure 3. Number density, Nb, plotted against 
particle diameter, Db, for the prepared UFB mix-
tures. 

 

 
Figure 4. Relationship between estimated viscos-
ity, μ, and shear rate on wall, SRw, assuming Ha-
gen-Poiseuille flow. 
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3. Experimental Results 
The measured Δp is expressed as a dimensionless pressure drop, K (Equation (2)), and the Reynolds number is 
given by Re (Equation (3), where V is the mean velocity passing through slits). The test fluid temperatures, T, 
are shown in the figures along with the results. 

2
2 pK

Vρ
∆

=                                        (2) 

Re VBρ
µ

=                                       (3) 

Figures 5(a)-(d) show the results for water, UFB water, glycerol, and UFB glycerol passed through small slits. 
The vertical axis shows K, and the horizontal axis shows Re. The numerical predictions of the Navier-Stokes 
equations are also shown for comparison [22]. The experimental errors (=29%) were estimated by individual 
measurement errors, flow rate = 1%, slit width = 5%, and pressure drop = 8%. Flow direction was shown in 
Figure 1. However, agreement between the resultant pressure drops in the present flow direction and those in 
the backward direction was obtained (Figure 5(d)). Thus, the effect of inlet regions and geometry in upstream 
was negligible. When B is larger than 81 μm (Figure 5(a) and Figure 5(b)), the experimental results for all test 
fluids agreed with the predictions of the Navier-Stokes equations. Thus, for a slit width of more than 81 μm, the 
pressure drops in the UFB mixtures were the same as in water and glycerol alone. However, when B was less 
than 51 μm, the resultant pressure drops for the UFB mixtures (UFB water and UFB glycerol) were lower than 
those of water and glycerol alone (Figure 5(c) and Figure 5(d)). Compared with the experimental results for 
water and glycerol alone, the resultant UFB mixtures were less than those of water and glycerol alone. 
 

     

     
Figure 5. Dimensionless pressure drops, K, versus Reynolds number, Re, in slit flows. The 
data of (a) B = 113 μm and (b) B = 81 μm agreed with the predicted values. For (c) B = 51 
μm and (d) B = 39 μm, agreement between the experimental results and the predictions was 
not obtained. 
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4. Numerical Investigation of Slip Conditions 
Pressure drops of UFB mixtures were less than those of water and glycerol alone. In this section, influence of 
slip was discussed. To examine the wall slip, numerical simulation was carried out for slit flows under slip con-
ditions. The two-dimensional dimensionless Navier-Stokes equations and continuity equation are as follows. 

2 2

2 2
1

Re
x x x x x

x y
u u u u upu u
t x y x x y

∗ ∗ ∗ ∗ ∗∗
∗ ∗

∗ ∗ ∗ ∗ ∗ ∗

 ∂ ∂ ∂ ∂ ∂∂
+ + = − + + ∂ ∂ ∂ ∂ ∂ ∂ 

                         (4) 

2 2

2 2
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x y

u u u u upu u
Ret x y y x y
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∗ ∗

∗ ∗ ∗ ∗ ∗ ∗

 ∂ ∂ ∂ ∂ ∂∂
+ + = − + +  ∂ ∂ ∂ ∂ ∂ ∂ 

                         (5) 

0yx uu
x y

∗∗

∗ ∗

∂∂
+ =

∂ ∂
                                       (6) 

Here, asterisks indicate dimensionless parameters, and xu∗  and yu∗  are the velocity components in the x* di-
rection and y* direction, respectively. The direction is ignored because the z* direction does not change. The fi-
nite volume method is adopted for a Newtonian fluid passing through a slit, in which the velocity and pressure 
are expressed on a staggered grid in a two-dimensional coordinate system. Velocity and pressure are coupled by 
the SIMPLE method. The convective term is discretized by the first-order upwind finite difference method, and 
the viscous term is discretized by the second-order central difference method. 

Figure 6(a) shows the numerical model. Numerical conditions are almost same for the previous study [22]. 
The width of the channel upstream and downstream of the slit are 100B, the upstream and downstream lengths 
are 100B and 200B. The grid number is 1024 in each direction. The following boundary conditions are adopted: 
(a) two-dimensional Poiseuille flow exists at the inlet boundary; (b) the pressure and velocity in the y* direction 
is zero at the outlet boundary; (c) the y* component of the velocity is zero along the center line; and (d) all ve-
locity gradients are zero at the wall (perfect slip conditions). Figure 6(b) shows the dimensionless pressure drop  
 

 

 
Figure 6. Dimensionless pressure drops, K, plotted against Reynolds number, Re, for slip 
phenomena. (a) Schematic illustration of numerical simulationand (b) numerical prediction 
and experimental data. 
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versus Reynolds number for the present numerical results (broken line) and the experimental results for 51 μm. 
The calculated predictions nearly agree with the experimental results for a slit width of 51 μm. These results 
were suggested the possibility of slip phenomena. 

5. Discussion 
Pressure drops were measured when UFB water and UFB glycerol having an average bubble diameter of ap-
proximately 110 nm were passed through small slits. The experimentally measured pressure drops were lower 
for UFB water than for water, and UFB glycerol had lower pressure drops than glycerol when slits of less than 
51 μm were used. In previous studies, Hasegawa et al. [23] reported the possibility that water flow through a 
micro-aperture is elastic, but in the case of UFB mixtures containing only air, it is not thought that the results 
can be explained in terms of elasticity. In research employing Re values similar to those in this study, Ushida et 
al. [24] noted that surfactant molecules behave like polymer chains as a result of electric interactions, and are 
therefore able to exhibit a phenomenon similar to elasticity. Additionally, compared with the UFB size, the slit 
width was much larger; the ratio between averaged value of Db and smallest slit width was 2.82 × 10−3. Thus, 
size effect of slit width was negligible. 

However, the pseudo-laminarization effect (maintaining the laminar flow in transition regions) of FB mix-
tures in capillary flows was reported in previous studies. Serizawa et al. [25] measured pressure drops of FB 
mixtures in capillary flows with inner diameters of 6 mm. Ushida et al. [26] conducted similar experiments in 
smaller capillary flows with inner diameters of <1 mm. These studies discussed the void fraction of FBs, size 
effect (relation to the diameter), and surface tension between the FB mixtures and capillary wall. They observed 
no relationship between pseudo-laminarization and bubble size effect, and the electric interaction was discussed 
by Ushida et al. [26]. The present results are similar to the previous results in terms of electric interactions, but 
we consider the results from a slightly different perspective. In general, solid wall surfaces carry negative charge 
in water; and this phenomenon comes from zeta potential. The liquid around the slit carries positive charge (hy-
drogen ions; H+) due to the electrical double layer [27]. Moreover, FBs and UFBs have also been found to carry 
negative charge in aqueous solution [28]. Figure 7 shows a schematic diagram of UFB mixture flows near a slit 
wall. Thus, in electrical terms, bubbles that carry a negative charge can be regarded as a flow passing a posi-
tively charged wall surface. In this case, an electric attraction occurs, and the bubbles adhere to the wall surface. 
A gas phase forms near the surface of the slit wall, and the UFB mixtures flow along this gas phase. Owing to 
the presence of the gas phase, a wall slip phenomenon occurs between the wall surface and the liquid surface. 
Furthermore, the effect is expected to become more pronounced as the thickness ratio, H/B, increases, that is, as 
the wall surface along which the liquid flows becomes longer relative to the slit width. Moreover, the pressure 
drop reduction on the slip wall was reported [29], and the electric effect of the interaction between the water 
structure and interfacial charges was discussed in previous studies [30]. Thus, the present discussions are con-
sistent with these studies. 

It thus follows that the electric effect increases as the effect of the wall surface increases, and this is consistent 
with the results shown in Figures 5(a)-(d). In addition, agreement between the resultant pressure drops and the 
predictions was observed when using a slit width of 81 μm. This is attributed to the thickness of the electrical 
double layer being approximately 1.0 μm [31] and the region subject to the electric effect thus being small rela-
tive to the size of the slit (the larger the thickness ratio, the bigger the electric effect). The experimental results 
also are arranged in order of strain rate, and the influence of strain rate was discussed. Figure 8(a) and Figure 
8(b) show Δp versus apparent strain rate, SRapp (Equation (7)). 
 

 
Figure 7. Schematic of the interface between 
UFBs and slit wall. 
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app
VSR
B

=                                        (7) 

In Figure 8(b), the differences between water results and those of UFB water occur for SRapp > 1 × 105 s−1. 
However, in Figure 8(a), SRapp ranges from 1 × 102 to 1 × 105 s−1. This is why the differences did not appear. 

6. Frictional Coefficient of Pipe 
Flow properties were investigated in the slit flow of the UFB mixtures and explained in terms of wall slip. 
Therefore, two types of capillaries were employed to investigate the effects of slip. The stainless steel (SUS304) 
capillaries were 125, 108, 81, and 73 μm in diameter. The frictional coefficient, λ, was investigated for water, 
glycerol, UFB water, and UFB glycerol. Figure 2(b) shows the experimental setup. Δp was measured, and λ was 
estimated using the following equation. 

2
2 c

cc

Dp
LV

λ
ρ
∆

= ⋅                                       (8) 

Here, Dc is the diameter of the capillary and Lc (= 50 mm) is the distance between the two pressure ports (dis-
tance between A and B, Figure 2(b)). Vc is the mean velocity of the liquid through the capillaries. The syringe 
pump and pressure transducer used in this experiment were the same as in the slit flow experiments. Figure 9  
 

     
Figure 8. Plotting pressure drops, Δp, against apparent strain rate, SRapp, for observing 
the influence of strain rate. For (a) B = 81 μm, agreement between the resultant pressure 
drop andthe prediction was obtained. Experimental data of (b) B = 51 μm did not agree 
with the prediction in relatively high strain rate (>1.0 × 105 s−1). 

 

 
Figure 9. Frictional coefficient of pipe, λ, as a function of Reynolds number, Re, in ca-
pillary flows. For Dc = 73 μm, the experimental values were less than those of the pre-
diction of Hagen-Poiseuille flow. 
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shows the experimental results for λ versus Re (= ρVcDc/μ). The experimental errors (= 13%) were estimated by 
individual measurement errors, flow rate = 1%, diameter = 1%, and pressure drop = 8%.The λ values of all re-
sults agreed with the prediction of Hagen-Poiseuille flow except for UFB mixtures in the capillary with an inner 
diameter of 81 and 73 μm, in which case the discrepancy was less than 10%. It was found that the properties of 
the liquids (e.g., elasticity) were not affected in the case of capillary flow [32]. In fact, the reduction (Dc = 81 
and 73 μm, UFB water and UFB glycerol) was caused by wall slip phenomena in the same case of the slit flows. 
These results strongly suggested that UFB mixtures exhibit pressure drop reduction effect. However, these re-
sults were suggested to a relatively limited Re range; 1.0 × 102 ≤ Re ≤ 2.0 × 103 in slit flows and 1.0 × 102 ≤ Re 
≤ 6.0 × 102 in capillary flows. Thus, it is necessary to conduct the further delineation. 

7. Concluding Remarks 
The pressure drop in UFB water and UFB glycerol passing through small slits was measured, and the following 
results were obtained by comparing water and glycerol alone. 
• For a slit width of more than 81 μm, the resultant pressure drops in the UFB mixtures were the same value as 

in water and glycerol alone. When using a slit width of less than 51 μm, the pressure drop was lower in UFB 
mixtures than in water and glycerol alone. 

• Through a comparison between numerical and experimental results, the results for UFB mixtures were found 
to be consistent with wall slip. Furthermore, the influence of slip phenomena was discussed in terms of in-
terface phenomena. UFBs are thought to adhere to the wall surface, forming a gas phase, which resulted in 
wall slip. 

• For capillary flow (inner diameter, 81 and 73 μm), the frictional coefficient of pipe for UFB mixtures was 
less than that for a Hagen-Poiseuille flow. 
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Nomenclatures 
B:  Width of slits         (μm) 
Db: Particle diameter of UFB       (nm) 
Dc: Capillary diameter        (μm) 
H:  Thickness of slits        (μm) 
H/B: Thickness ratio         (-) 
K:  Dimensionless pressure drop      (-) 
Lc:  Capillary length between two pressure holes   (mm) 
Nb: Number density        (mL−1) 
p*:  Dimensionless pressure component     (-) 
Q:  Flow rate          (m3s−1) 
Re: Reynolds number        (-) 
SRapp: Apparent strainrate        (s−1) 
SRw: Shear rate on wall        (s−1) 
T:  Temperature         (˚C) 
t*:  Dimensionless time in numerical analysis    (-) 

xu∗ : Dimensionless velocity component in x* direction  (-) 
yu∗ : Dimensionless velocity component in y* direction  (-) 

V:  Mean velocity passing through slits     (ms−1) 
Vc:  Mean velocity passing through capillaries    (ms−1) 
W:  Length of slits         (μm) 
x*:  Dimensionless x direction in numerical region   (-) 
y*:  Dimensionless y direction in numerical region   (-) 

Greek Letter 
Δp: Pressure drop         (Pa) 
λ:  Frictional coefficient of pipe      (-) 
μ:  Viscosity          (Pas) 
ρ:  Density          (kgm−3) 
τw:  Wall shear stress        (Pa) 
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