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5.1 Abstract

The effect of surfactant additive on the two-phase gas/liquid flows regimes,
pressure gradients, bubble sizes and velocities was investigated. Experiment was
carried out in a vertical transparent tube with inner diameters of 19 mm and the
length of 3 m. Water, octylbenzyldimethylammonium chloride solutions (CgHj7-
CoH;3NCI) and hexadecylbenzyldimethylammonium chloride solution (CjeHas-
CoH3NCI1) were used as the working fluids. Adding the surfactant lowers the air
critical Reynolds numbers for the bubble-slug flow and the slug flow transitions. The
friction factors or the dimensionless pressure gradients of pure water and surfactants
are distinctively different depending on the flow regime, the bubble/slug size, the
Eotvos number, and property parameter. The normalized bubble and the slug
dimension of pure water are greater than those of (CgH;7-CoH;3NCl) solution and

. (C16H33-CoH3NCI) solution at any Re,i,, due to the surface tension effect. The
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corresponding normalized bubble and slug velocities of pure water are lower than

those of (CgH,7-CoH3NC1) solution and (C16H33-CgH;3NCl) solution.
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5.2 Introduction

Two-phase gas-liquid flow in vertical tube with the addition of a surfactant
has been well studied because of the reduced pressure drop and the potential energy
saving. Typically for a two-phase flow, there are mainly four flow regimes as
dictated by variation in the gas and liquid flow rates. The flow regimes are the
bubble, the slug, the annular, and the mist regimes. Characteristics of the flow
regimes depend on several factors: the individual magnitudes of the liquid and gas
flow rates; the physical properties of liquid and gas, such as density, viscosity,
surface tension; and chemical structure. Each flow regime can influence, at different
degrees, the heat transfer rate, the momentum transfer, the energy loss, energy
exchange rate, and the pressure gradient.

The behavior of a single gas bubble released in a column of liquid within in
a vertical tube depends primarily on the size of the bubble. When the bubble is quite
small, it remains spherical and rises along a vertical rectilinear path. Larger bubbles
become ellipsoidal or irregularly shaped and tend to rise along helical or zigzag
paths. With increasing gas flow rate, large cap-shaped bubbles are formed by
collisions. When the diameter of the bubbles is nearly the same as the tube diameter,
it is the initiation of the slug flow. The churn flow, a transition between the slug and
annular regimes, is highly disturbed and has large waves flowing up the channel,
interspersed with regions of falling liquid films. In the annular flow, part of it is the
liquid film and the rest is dispersed in the gas core in the form of fine droplets. With
increasing gas flow rate, the liquid film will be thinner while the number of droplets

increases. The mist flow starts when the liquid film is removed from the wall.
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Detailed characteristics and measuring methodology of various flow regimes of the
two-phase liquid and gas flow can be found from the previous works of Lockhart and
Martinelli (1949), Davies and Taylor (1950), Nicklin (1962), Wallis (1969),
Sylvester (1987) and Wilkes (1999).

Kawaguchi et al. (2002) studied on drag-reducing channel flow with
cationic surfactant additives. The surfactant additives suppressed violent vortex
motions near the wall.

Usui ef al. (2004) studied the surfactant drag reduction caused by a cationic
surfactant with excess addition of counter-ions. The optimum molar ratio to give a
good drag reduction was (surfactant):(counter-ion) = 1:1.5. With further increase in
the counter-ion concentration, the apparent viscosity level decreased and the shear
thinning behavior was lost, whereas the high drag reduction effectiveness was still
retained. The micelle structure could be varied depending on the counter-ion molar
ratio, and the modifed structure was also effective for the turbulent drag reduction
observed.

Zhang et al. (2005) investigated the functional groups on the polar heads of
cationic surfactants. Increasing the head group size decreased drag reduction at high
temperatures.

Rosso et al. (2006) studied the effects of interfacial surfactant contamination
on bubble gas transfer. Surface active agents depress gas transfer at gas-liquid
interfaces. The application of a Ward-Tordai transient model and of a Langmuir
saturation model showed that for fine-bubbles in low molecular weight surfactant
solutions the interfacial surfactant accumulation equilibrates before bubble
detachment.

Lioumbas et al. (2006) studied the effect of a non-ionic surfactant additive
on the gas-liquid flow in inclined pipes. The surfactant additive strongly influenced
both the interfacial characteristics and the flow field within the liquid layer. The flow
patterns depended on the surfactant chemical structure rather than the surface tension
alone. The appearance of the interfacial waves was delayed along with significant

drag reduction.
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Rozenblit ef al. (2006) studied the flow patterns, the drag reduction, and the
heat transfer in a vertical upward air-water flow with surfactant in a tube of 2.5 cm in
diameter. The addition of surfactant reduced significantly the tendency of
coalescence between air bubbles. The bubbles were smaller in size but higher in
number than in pure air-water mixture at all flow regimes.

Wilkens et al. (2006) studied the effect of surfactant in a horizontal air-
water pipe flow. Addition of the surfactant to the gas liquid flow significantly
reduced the occurrence of the slug flow. The slug flow regime was largely replaced
by a new stratified flow pattern at high liquid flow rates. These stratified flows had a
layer of bubbles that appear to dampen wave growth and stabilize the interface.
Surface tension was not the lone driving factor for the slug flow suppression but it
appeared to be related to the tendency to foam. No surface tension effect was
observed for the annular or dispersed bubble transitions.

In our work, we are interested in investigating the effects of cationic
surfactant concentration and the cationic surfactant carbon tail length on the flow
regimes, the corresponding pressure gradients, the bubble/slug sizes, and the

bubble/slug velocities of a vertical two-phase flow

5.3 Experimental Apparatus

The experimental setup is shown schematically in Figure 1. Air, water,
octylbenzyldimethylammonium chloride (CgHj7-CoH13NCI) solutions (LEVENOL
DM-08A, 46.6 wt.%, Kao), with the critical micelle concentration (CMC) equal to
61.5 g/L, at 1, 2 and 3 CMC, and hexadecylbenzyldimethylammonium chloride
(C16H33-CoH13NCl ) solution (LEVENOL RC, 49.6 wt.%, Kao), with the critical
micelle concentration (CMC) equal to 0.36 g/L, at 1 CMC were used as the working
fluids. The main components of the system consist of the vertical test section, an air
supply, liquid supply and instrumentation. The pipe, with 1.9 cm inside diameter and
the length of 300 cm was used. The pipe was made from transparent acrylic glass to
permit visual observation of the flow patterns. At the bottom of the test column, there
was an inlet for the compressed air from a compressor (Fu Sheng, HTA-100H,

Taiwan) and flow rates weré measured by a calibrated air-rotameters (1. Cole-
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Parmer, A-32466-66, U.S.A., 2. Cole-Parmer, A-32466-68, U.S.A., 3. Cole-Parmer,
A-32466-70, U.S.A.). Liquid was pumped from the storage tank through a rotameter
and mixed with air at the bottom of the test column. The flow rate of the liquid was
measured by a calibrated liquid-rotameter (Cole-Parmer, U.S.A, A-32461-42).
Liquid flowed upward through the main column with air and then flowed back to the
storage tank. Two static pressure tabs in each column were installed at two axial
locations with spacing of 0.4 m and were connected to a manometer which was used
to measure the pressure drops along the test section. The physical properties of the
liquid used in the experiment are listed in Table 1.

Experiments were conducted by varying the air and liquid flow rates. The
air flow rate was increased by small increments while the liquid flow rate was kept
constant. The experimental conditions were as follows: air Reynolds number Reajr:
3.14-71,275, liquid Reynolds number Rejiuid: 0-2,740. Definitions of Reair and Rewater
are as defined in Table 1. Air and liquid temperatures were between ~31-32°C. The
system was allowed to approach a steady state condition before any data were taken.
The pressure drops across the test section were measured at different flow rates of air
and liquid; average values were computed and reported from at least 5 readings. The
flow regimes were observed and identified by visual observation: a video camera
(Panasonic, NV-M3000) and a software program (Snagit 8.0). Bubble size, slug size
and void fraction of the Taylor bubble were identified and measured by a software
program (Scion Image). Bubble velocity was measured by timing bubbles traveling
past known distances. Bubble and Taylor sizes and velocity were measured from 3-5

samples, and average values were computed and reported.

5.4 Results and Discussion

Physical Properties of the Liquids

Table 1 lists the values of the dynamic viscosity, the kinematic viscosity,
the density, the electrical conductivity, and the surface tension of water, the
octylbenzyldimethylammonium  chloride solutions  (CgH;7-CoH;3NCl)  at
concentrations of 1 CMC, 2 CMC and 3 CMC, and the hexadecylbenzyldimethyl-
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ammonium chloride solution (C;6H33-CoH3NCI) at concentration of 1 CMC. CMC
here refers to the critical micelle concentration where the micelle structure starts to
form at and beyond this concentration. CMC was determined from the measurements
of electrical conductivity and surface tension vs. concentration. Abrupt changes in
electrical conductivity and surface tension vs. concentration are identified as the
CMC for the (CgH;7-CoH,3NCl) solution to be equal to 61.5 g/L (~61500 ppm), and
for the (CigH33-CoHj3NCI ) solution to be equal to 0.36 g/L (~360 ppm). The
viscosity of the (CgH7-CoH 3NCI) solution changes from 8.48 x 10 Pa.s to 1.317 x
10 Pa.s, about 55 %, as concentration varies from 0 to 3 CMC. The dynamic
viscosity of the (CsH;7-CoHi3NCl) solution at 1 CMC changes from 9.73 x 10* Pas
to 1.103 x 107 Pa.s, about 13 %, as the tail length changes from that of (CsH7-
CoH3NCI) to (C6H33-CoH3NC1) at 1CMC. The density of the (CsH33-CoH3NCI)
solution changes slightly from 995 kg/m3 to 998.3 kg/m®, about 0.33 % as
concentration varies from 0 to 3 CMC. The density of the (CsH;7-CoH;3NCI) solution
at 1 CMC changes from 998 kg/m’ to 997.3 kg/m’, about 0.07 %, as the tail length
changes from that of (CgHi7-CoHi3NCI) to (Ci6H33-CoH3NCI) at 1CMC. The two
surfactants change the surface tension of pure water from 71.27 mN/m to ~32 mN/m,

a reduction about 55 % as concentration varies for 0 to 3 CMC.

Visual Observations of the Flow Regimes by Photographs

The air flow rate was increased while the liquid flow rate was kept fixed.
The boundaries between flow regimes were designated to be the transitions towards
the bubble-slug, the slug, the slug-churn, the churn, the annular, and the mist flow
regimes, respectively. Each flow regime boundary was identified by observations
through the video camera. Table 2 shows the critical Reynolds numbers, Reairscriticals
for each flow regime of the (CgH;7-CoH;3NCI) solution at 1 CMC at various liquid
flow rates or Rejiguid- Reairscritical Values for the bubble-slug and the slug flow regimes
are: 8.12 and 20.49 at Rejiquia = 0; 13.07 and 28.08 at Rejiguia = 1001; and 33.21 and
43.46 at Rejiguig = 2749. It is evident that Resir critical for the bubble-slug and slug flow

regimes increases with increasing liquid flow rate or Rejiguia-
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Table 3 shows the critical Reynolds numbers, Reaircritical, fOT each flow
regime of pure water and the (CgH;7-CoH3NCI) solutions at various concentrations
and at fixed Rejiquia ~ 2,700. Resircrivical Values for the bubble-slug and the slug flow
regimes are: 38.33 and 48.59 for pure water, 33.21 and 43.46 for the (CsHis-
CoH,3NCl) solution at 1 CMC; 38.33 and 43.46 for the (CgH,7-CoH;3NCI) solution
at 2 CMC; and 38.33 and 43.46 for the (CgH;7-CgH;3NCl) solution at 3 CMC. Reyir,
eriticat Value for the bubble-slug flow regime of the (CgH,7-CoH3NCl) solution at 1
CMC is slightly lower than those of pure water and the (CgH,7-CoH3NCl) solutions
at 2 CMC and 3 CMC. Reyir. criticat value for the slug flow regime of pure water is
clearly higher than those of the (CgH7-CoHy3NCI) solutions at 1, 2, and 3 CMC,
presumably due to the difference in Eo number. For other flow regimes, from the
slug-churn to the mist flow regimes, the Resircriical Values for pure water and the
(CsH,7-CoH;3NCI) solutions at various concentrations are the same. Surfactant
addition and its concentration have no effect on Resir ciritical In these regimes.

Table 4 shows the critical Reynolds numbers, Reaircriticals of various flow
regimes for the (CgH7-CoHy3NCl) solution and the (CjgH33-CoH3NCI) solution
which differ in their carbon tail lengths. At Rejiquia ~ 2,700, Reair critical fOr the bubble-
slug and the slug flow regimes are 33.21 and 43.46 for the (CgH;7-CoH;3NCI)
solution at 1 CMC, and 38.33 and 48.59 for the (C6H33-CoH13NCI) solution at 1
CMC. Evidently, Resircritical for bubble-slug and slug flow regimes depend on the
carbon tail length. For other flow regimes, from the slug-churn to the mist flow
regimes, Reaircriticat Values for both (CsH,7-CoH13NCl) and (Cy6H33-CoHi3NCI)

solutions are nearly the same.

Effect of Surfactant on the Pressure Gradient

Figure 2(a) shows the dynamic pressure gradients, (-dp/dz)g, for the (CsH7-
CyH;3NCI) solution at 1 CMC vs. air Reynolds number, Re,ir, at Rejiguia €qual to 0,

1,000 and 2,700. The dynamic pressure gradient can be written as:

AP AP
(_'c'i;)d 2 (_L_)d = (T)m +pP, 8> . Q)
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where (%)M is the measured pressure gradient along a vertical distance L between

the pressure taps, pi is the liquid density, and g is the gravity. The dynamic pressure
gradients increase steadily with increasing Re,ir from the bubble flow regime to the
slug flow regime. In the churn flow regime, the dynamic pressure gradients are
nearly constant, independent of Resi. In the annular flow regime and the mist flow
regime, the dynamic pressure gradients decrease with increasing air Reynolds
numbers. The dynamic pressure gradient for Rejiquia = 0 is higher than those of
Rejiquia = 1,000 and Reijiguia = 2,700. Therefore, the dynamic pressure gradient of the
(CgH;7-C9H,3NCI) solution at 1 CMC decreases with increasing liquid flow rate.

Figure 2(b) shows the dynamic pressure gradients, (-dp/dz)g, vs. air
Reynolds number, Resjr, of the (CgH,7-CoH 3NCI) solution at various concentrations
and at the same liquid Reynolds number of ~2,700. In the bubble flow regime, the
dynamic pressure gradients of pure water is clearly lower than those of the (CgHj7-
CyH,3NCI), solutions, presumably due to the difference in Eotvos numbers in which
they differ by a factor of two. In the slug to the churn flow regimes, the dynamic
pressure gradients of pure water and the (CgH;7-CoH3NCl) solutions at various
concentrations are nearly the same. In the annular flow regime and the mist flow
regime, the dynamic pressure gradient of pure water is higher than those of the
(CgH7-CoH3NCI) solutions. The (CgH,7-C9H3NCI) solutions contain foams in
these flow regimes. In addition, the flows are highly turbulent; turbulent drag
reduction may occur. The dynamic pressure gradients of the (CgH;7-CoH;3NCl)
solutions at various concentrations (1 CMC, 2 CMC and 3 CMC) are nearly the same
spanning from the bubble flow regime to the mist flow regime.

Figure 2(c) shows the dynamic pressure gradients, (-dp/dz)g, vs. air
Reynolds number, Regir, of the (CsHi7-CoH3NCI) and (C¢H33-CoH,3NCl) solutions
at 1 CMC and pure water at the same liquid Reynolds number of ~2,700. In the
bubble flow regime, the dynamic pressure gradient of the (CsH;7-CoHi3NCI) solution
is lower than that of the (C;sH33-CoH 3NCI) solution. This suggests the direct
influence of the carbon tail length on the pressure gradient since the Eotvos number
and the Y parameter of both solutions are nearly the same. A longer carbon tail

length increases the van der Waal interaction between the surfactant molecules and
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the tube wall, in addition to the slight difference in the dynamic viscosity (Table ).
It is possible that (C16H33-CgH3NCI) molecules absorb on the tube wall more easily
than (CgH,7-CoH3NCl) surfactants and they induce an additional wall shear stress.
Therefore, in the bubble flow regime, the dynamic pressure gradient increases with
increasing surfactant carbon tail length. In the slug flow regime and the churn flow
regimes, the dynamic pressure gradients of water, the (CgH;7-CoH)3NCI) solution,
and the (Cj6H33-CoH3NCI) solution are nearly the same. In the annular and the mist
flow regimes, the pressure gradients of the (CgH;7-CoHi3NCI) and (C 16H33-
CoH/3NCI) solutions are nearly the same; but they are lower than that of pure water,
presumably due to the effect of turbulent drag reduction.

Figure 3(a) shows the dimensionless pressure gradients, 2d(-dp/dz)d/pwu|2,
of the (CgH;7-CoHi3NCl) solution at 1 CMC vs. air Reynolds number, Re,i, at
various Rejiquia €qual to ~ 1,000 and 2,700. We may define the dynamic wall shear

stress (Tw.d):

d AP
E(T)d = T (2)

AP
where (_L_) , is the dynamic pressure drop along a distance L between the pressure

taps. From the definition of the Darcy friction factor (fr) (Wilkes (1999)):

87,
fo=—25, 3)

P, Wiig
where uy, is liquid velocity defined as:

= 4QL

Ulig =35 >
2
d

(C))

where Q is the liquid volume flow rate. The friction factor for a two phase flow can
be written in terms of the dimensionless pressure gradient as:

Je=——=> (5)
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From the bubble flow regime to the slug flow regime, the dimensionless pressure
gradients at Rejiquia ~ 1,000 and 2,700 increases with increasing Re,ir. In the churn
flow regime the dimensionless pressure gradients are nearly constant, independent of
Re,;,. But in the annular and the mist flow regimes, the dimensionless pressure
gradients decrease with increasing air flow rate or Reir. Furthermore, the
dimensionless pressure gradient for Rejiguia = 1,000 is higher than that of Rejiquia =
2.700. This evidently suggests the influence of Reiiquid.

Figure 3(b) shows the dimensionless pressure gradients, 2d(-dpfdz)dfpwu;2, Vs.
air Reynolds number, Res;, of the (CsH,7-CoH3NCl) solutions  at various
concentrations and of pure water at the same liquid Reynolds number of ~2,700. In
the bubble flow regime, the dimensionless pressure gradient of pure water is lower
than those of the (CgH;7-CoH3NCI) solutions of 1, 2 and 3 CMC. This is likely a
result caused the differences in bubble sizes, the Eotvos number, Eo, and marginally
the property parameter, Y. For pure water, Eo and Y are equal to 49.44 and 1.41 x
10"": these are lower than Eo and Y of the (CgH;7-CoH3NCI) solution at 1 CMC
which are ~ 115 and ~ 3.1 x 1 respectively. In the slug to the mist flow regimes,
the dimensionless pressure gradients of the (CgH)7-CoH3NCI) solutions of various
concentrations are lower than that of pure water. Adding surfactant evidently
produces a lower dimensionless pressure gradient; this is probably due to the effect
of turbulent drag reduction.

Figure 3(c) shows the dimensionless pressure gradients, 2d(-dp!dz)d/pwu12, VS.
air Reynolds number, Reair, of the (CgH;7-CoHi3NCI) and (CjsH33-CoH13NCI)
solutions at 1 CMC and of pure water at the same liquid Reynolds number of ~2,700.
In the bubble flow regime, the dimensionless pressure gradient of the (CgHi7-
CoH,3NCl) solution is lower than those of the (C;6H33-CoHi3NCl) solution, possibly
due to the difference in the dynamic viscosity since Eotvos numbers are essentially
the same. In the bubble flow regime, the dimensionless pressure gradient of pure
water is lower than those of both surfactant solutions due to the differences in the
dynamic viscosity and Eotvos number. In the slug, the churn, the annular, and the
mist flow regime, the dimensionless pressure gradients of both surfactant solutions

are clearly lower than that of pure water; this may arise from the differences in
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Eotvos number, the foaming of both surfactant solutions, and possibly the turbulent

drag reduction effect.

Effect of Surfactants on the Bubble and the Slug Sizes

Figures 4(a) to 4(e) show photographs of bubble flows of the surfactant
solutions of various concentrations and of pure water, all at Rejr = 28.08 and Rejiguid
~2,700. Figure 4(a) shows a photograph of the bubble flow of the (CgH;7-CoH3NCI)
solution at 1 CMC, Eo =115, Y = 3.06 x 107'°. Figure 4(b) shows a photograph of
the bubble flow of the (CgH;7-CoH;3NCI) solution at 2 CMC, Eo = 104, Y = 5.06 x
10", Figure 4(c) shows a photograph of the bubble flow in the (CgH;7-CoH;3NCI)
solution at 3 CMC, Eo =98.62, Y = 6.42 x 10™'°. Figure 4(d) shows a photograph of
the bubble flow of the (C;¢H33-CoH;3NCI) solution at 1 CMC, Eo = 113, Y=474x
10"'°. Figure 4(e) shows a photograph of the bubble flow in pure water, Eo = 49.44,
Y = 1.41 x 10", The shape of the bubble of pure water appears as a spherical cap on
top of a cylinder and it covers all of cross section area. For the (CgH,7-CoH3NCl)
solutions at 1, 2, 3 CMC and the (CysH33-CoH13NCI) solution at 1 CMC, the shapes
of air bubbles appear as a spherical cap with cylinder but they do not fill all of cross

section area.

Figures 5(a) shows the normalized bubble widths, wy/d, for the (CgHis-
CoH,3NC]) solution at 1 CMC vs. air Reynolds number, Re,ir, at  Rejiguia = 0, ~1,000
and ~2,700. The bubble width increases slightly with increasing Resir or increasing
air flow rate. The bubble width for Rejiguia = 2,700 is lower than those of Rejiguia = 0
and 1,000.

Figure 5(b) shows the bubble width, wy/d, of pure water and the (CgH,7-
CoH;3NCI) solutions at various concentrations vs. air Reynolds number, Re, at the
same liquid Reynolds number of ~2,700. The bubble width for pure water is higher
than those of the (CgH;7-CoH;3NCI) solutions at 1 CMC, 2 CMC and 3 CMC. The
surfactants reduces the surface tension and thus promote the breakup of air bubbles,
therefore, the bubbles of the surfactant solutions are smaller in size. Furthermore, the

normalized bubble widths of the (CgH;7-CoHj3NCl) solutions at three concentrations
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are nearly the same, despite the differences in the Eotvos number and the Y
parameter.

Figure 5(c) shows the bubble width, wi/d, vs. air Reynolds number, Resir, of
the (CgH,7-CoH3NCI) solution at 1 CMC, the (Cj¢H33-CoH;3NCI) solution at 1
CMC, and pure water at the same liquid Reynolds number of ~2,700. The
normalized bubble width of the (CgH;7-CoH;3NCl) solution is nearly the same as that
of the (Cy¢H33-CoH3NCI) solution, implying the carbon tail length has no apparent
effect on the bubble width, and the corresponding Eotvos numbers are nearly the
same. On the other hand, the bubble width for pure water is larger than those of the
(CgH)7-CoH 3NCl) solution and the (C;¢H33-CoH;3NCl) solution.

Figure 6(a) shows the normalized bubble height, Ry/d, of the (CgHi7-
CoH3NCI) solution at 1 CMC vs. air Reynolds number, Regir, at Rejiquia = 0, ~1,000
and ~2,700. The bubble height generally increases with increasing Re,i;, consistent
with the conservation of air flow rate. The normalized bubble height for Rejiguia = 0 is
lower than that of Rejquia = 1,000, suggesting that the bubble height is expanded
further by the co-flowing liquid velocity. The normalized bubble height for Rejiquia =
2.700 is, however, even lower than that of Rejiqui¢ = 0 and 1,000; a high liquid flow
rate may possibly reduce the tendency to coalescence between air bubbles. In
summary, at Rejiguig = 1,000, the bubble height is expanded as the liquid velocity
plays more a pronounced role than the reduction of coalescence between air bubbles
at the high liquid flow.

Figure 6(b) shows the normalized bubble heights, Ry/d, of pure water and
the (CgH;7-CoH;3NCl) solutions at various concentrations vs. air Reynolds number,
Re,;, at the same liquid Reynolds number of ~2,700. The bubble height for pure
water is higher than those of the (CgH;7-CoH,3NCl) solutions at 1 CMC, 2 CMC and
3 CMC because the surfactant reduces the surface tension and the tendency to
coalescence between air bubbles. The normalize bubble heights of the (CsHj7-
CyH/3NCI) solutions at three concentrations are nearly the same implying surfactant
concentration has no apparent effect on the bubble height.

Figure 6(c) shows the normalized bubble height, Ry/d, vs. air Reynolds
number, Reyir, of the (CgH;7-CoH13NCI) solution at 1 CMC, the (C ¢H33-CoH3NCI)
solution at 1 CMC, and pure water at the same liquid Reynolds number of ~2,700.
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The normalized bubble height for the (CsH;7-CoH;3NCI) solution is nearly the same
with that of the (C¢H33-CgH;3NCI) solution, implying the carbon tail length has no
apparent effect on the bubble height.

Figure 7(a) shows the normalized slug height, Lip/d, of the (CsHy7-
CoH;3NClI) solution at 1 CMC vs. air Reynolds number, Re,r, of various Rejiquia = 0,
~1,000 and ~2,700. The normalized slug height for Rejiquia = 0 is greater than that of
Rejiquia = 1,000 which in turn is greater than that Rejiguia = 2,700; this may arise
because an increase in the liquid flow rate may inhibit coalescence between air slugs.

Figure 7(b) shows the normalized slug height, Lyp/d, of pure water and the
(CgH;7-C9H3NCI) solution at various concentrations vs. air Reynolds number, Rer,
at the same liquid Reynolds number of ~2,700. At low Resr, the normalized slug
height of pure water is nearly the same as those of (CgH,7-CoH3NCl) solutions at 1
CMC, 2 CMC and 3 CMC. But at high Res, the normalized slug height of pure
water is higher than those of the (CgH;7-CoH3NCl) solutions. The normalized slug
height of the (CsH;7-CoH;3NCl) solution at 1 CMC is lower than that of the (CgH,7-
CoH;3NCI) solution at 2 CMC, and the normalized slug height of the (CgHi7-
CoH;3NCI) solution at 2 CMC is lower than that of the (CgH,7-CoH,3NCl) solution at
3 CMC. The slug height increases with increasing (CgHj7-CoH3NCI) concentration,
implying the effect of reduced surface tension or the difference in Eotvos number.

Figure 7(c) shows the normalized slug height, Lts/d, vs. air Reynolds
number, Re,i, of the (CgH;7-CoH 3NCI) solution at 1 CMC, the (C16H33-CoH3NCI)
solution at 1 CMC, and pure water at the same liquid Reynolds number of ~2,700. At
low Re,;;, the normalized slug height of the (CgH,7-CoH 3NCI) solution is nearly the
same as that of the (C;¢H33-CoH 3NCI) solution. But at high Reair, the normalized
slug height of the (CgH,7-CoHi3NCl) solution is lower than that of the (CjeHs3-
CoH3NCI) solution. The slug height increases with increasing carbon tail length,

only at high air flow rates.
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Effect of Surfactants on the Bubble and the Slug Velocities

Figures 8(a) shows the normalized bubble and slug velocity, \/—u_d-, of the
8

(CgH;7-C9oH 3NCI) solution at 1 CMC vs. air Reynolds number, Resir, at Rejiguia = 0,
~1,000 and ~2,700. The normalized bubble and slug velocities at each Rejiguid
increase with increasing Reyy, consistent with the conservation of air flow rate. The
bubble and slug velocities for Rejiquia = 2,700 are higher than those at Rejiguia = 1,000
which in turn are higher than those at Rejquia = 0, evidently due to effect on
increasing the liquid flow rate.

Figure 8(b) shows the normalized bubble and slug velocities,-—\(:%; , of pure
water and the (CgH;7-CoH3NCI) solutions at various concentrations vs. air Reynolds
number, Re,;;, at the same liquid Reynolds number of ~2,700. The bubble and slug
velocities at 1 CMC, 2 CMC and 3 CMC are higher than that of pure water due to the
surface tension effect or the difference in Eotvos number. The bubble and slug
velocities of the solution at 3 CMC are slightly higher than those of the solution at 2
CMC which are in turn slightly higher than those of the solution at 1 CMC.
Therefore, the bubble and slug velocities increase with increasing surfactant
concentration.

Figure 8(c) shows the normalized bubble and slug velocity, ﬁ vs. air
Reynolds number, Rey;;, of the (CgHj7-CoH3NCl) solution at 1 CMC, the (CyeHi3-
CgH3NCl) solution at 1 CMC, and pure water at the same liquid Reynolds number of
~2,700. The normalized bubble and slug velocity of the (C16H33-C9H13NCI)
solution is slightly higher than those of the (CsH,7-CoH3NCI) solution because an
increase in the carbon tail length increases the van der Waal interaction between the
surfactant on the tube wall. The long carbon tail length surfactant can absorb more
easily onto the tube surface more than the short carbon tail length surfactant,

inducing the bubble and slug velocities to increase with increasing carbon tail length.
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5.5 Conclusions

The experiments were carried out on the two-phase upward flows consisting
a gas and a liquid in a vertical tube with an inner diameter 0.019 m and a length of 3
m. The working fluids were air-water, air-(CgH;7-CoH;3NCI) solution, and air-
(C¢H33-CgH3NCI) solution in order to investigate the influence of surfactant
addition on the flow regimes, the corresponding pressure gradients, the bubble/slug
size and the velocity.

The boundaries of the bubble-slug and the slug flow regimes of the (CgH,s-
CoH;3NCl) solution (1CMC) shift to the smaller values relative to those of pure
water. But the boundaries for the chumn, the annular and the mist flow regimes
remain nearly the same. Reyicritical fOr the bubble-slug flow regime of the (CgHjs-
CgH;3NCl) solution at 1 CMC is slightly lower than those of the (CgH;7-CoH3NCI)
solutions at 2 CMC and 3 CMC because of the viscosity effect. Reircritical fOr the
bubble-slug and the slug flow regimes increases slightly with increasing carbon
length.

In the bubble to the slug flow regimes, the dynamic pressure gradient of
pure water is lower than that of the (CgH;7-CoH3NCl) solutions due to the effect of
viscosity. From the annular flow to the mist flow regimes, the dynamic pressure
gradients of pure water is higher th.an those (CgH;7-CoH3NCl) solution because the
(CgH,7-CgH3NCI) solutions contain foams, the flow are highly turbulent, and the
difference in Eo number. The dynamic pressure gradient increases with increasing
carbon tail length in the bubble flow regime; an increase in the carbon tail length
increases the van der Waal interaction between the surfactant and the tube wall, and
the slight decrease in the dynamic viscosity occurs, implying that the (CgHjs-
CoH3NCl) solution is more effective in reducing the wall shear stress than the
(C1¢H33-CoH;3NCl) solution.

The dimensionless pressure gradient of pure water is lower than those of the
(CgH7-C9oH3NCI) solutions at 1, 2, 3 CMC in bubble flow regime because of the
differences in the dynamic viscosity, the bubble size, the Eotvos, and the property
parameter, Y. A higher surfactant concentration produces a lower dimensionless

pressure gradient due to the turbulent drag reduction effect. The dimensionless
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pressure gradient of the (CgH7-CoH3NCl) solution is lower than that of the (C¢Hs;3-
CoH,3NCl) solution suggesting the carbon tail length effect.

The normalized bubble or slug sizes of pure water are greater than those of
the (CgH,7-CoH;3NClI) solutions and the (CjsH33-CoH3NCl) solution because adding
surfactant can reduce the surface tension and the tendency to coalescence between air
bubbles. Surfactant concentration and carbon tail length have no apparent effect on
the bubble sizes. At high Rey, the slug height increases with increasing (CgH)s-
CoH3NCI) concentration implying the effect of reduced surface tension. The slug
height increases with increasing carbon tail length due to the surfactant-wall
interaction.

The normalized bubble or slug velocities of the (CgH;7-CoH;3NCI) solutions
at 1, 2 and 3 CMC are higher than those of pure water, suggesting the surface tension
effect. The bubble and slug velocities increase with increasing surfactant
concentration. The bubble or slug velocities increase slightly with increasing carbon

tail length.
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Table 1 Physical properties of the gas and the liquids used in the experiment

b7}

g

o c 2 P Y

Gas / Liquid (&/L) p (Pa.s) v(m'/s) UEE’“"s) (uS/cm) | (mN/m) Eo )¢

Air - 1.85 x 107 1.57 x 10° 1.18 - - - -
Water - 8.48 x 10* | 8.52x107 995 1.3 7127 | 4944 | 1.41x10™"
(C‘H'(’l'g;;{(':’)m') 615 | 973x10* | 975x107 | 998 | 7240 | 3066 | 115 | 3.06x10™
(C‘Hggﬂg;"c” 123 | 1189 <107 | 1191 x 10 | 9983 | 12606 | 3385 | 104 | 5.06x10"
(GH '(’gg;:’(':i‘)NC') 1845 | 1317%10° | 1319%x10% | 9983 | 17781 | 3585 | 9862 | 6.42x10™
(C“’H(Jl"cchjfé*)”qcn 036 | 1103 x107 | 1106 x10¢ | 997.3 | 457 | 3131 | 113 | 474 x10"

(CgH,7-CgH3NCl): Octylbenzyldimethylammonium chloride solution

(C16H33-CoH}3NCI): Hexadecylbenzyldimethylammonium chloride solution

C: concentration, j: viscosity, v: kinematic viscosity, p: density, o: electrical

conductivity, y: surface tension, d : pipe diameter, and v : velocity

System temperature, T = 31°C (& 1°C)

Re,ir: air Reynolds number (

Rejiquia: liquid Reynolds number (

Eo : Eotvos number (

Y: property parameter (

Pair DV i )
pe‘iquiddv liguid )
Hiiquid
ped”
gy’

3)
PY



Table 2 The critical Reynolds numbers (Reair)critical Of Various regimes of

octylbenzyldimethylammonium chloride solution (1CMC)

78

Reéir critical fOT €ach flow regime

Liquid Reéjiquia
Bubble- | g0 Slug- | chum | Annular | Mist
slug churn
(CgH,7-CsH,3NC) ] ; - :
(1CMC) 0 8.12 20.49
(CgH,7-CgH,3NCI)
(1CMO) 1001 13.07 | 28.08 296 1454 | 28510 | 57020
(CsH,7-CoH3NCI) -
(1CcMO) 2749 33.21 43.46 369 2474 | 28510 | 570
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Table 3 The critical Reynolds numbers (Resir)critical Of Various regimes by using

water and octylbenzyldimethylammonium chloride solution (1, 2 and 3 CMC)

Re,ir, critical fOr €ach flow regime

Liquid Rejiqui Eo Y . =
f nat Bubble Slug Shug Churn | Annular Mist
slug churn
Water 2740 | 49.44 | 1.41x 10" | 38.33 48.59 369 2474 | 28510 57020
w*”{;ﬁﬂ&“” 2749 | 115 |3.06x10™ | 3321 | 4346 | 369 | 2474 | 28510 | 57020
(C‘H(g'gﬁé‘)m’) 2731 | 104 | 5.06x10" | 3833 | 4346 | 369 | 2474 | 28510 [ 57020
(CsHi=CHuNCD | a0 | og 6o | 642 x 107 | 3833 | 4346 | 369 | 2474 | 28510 | 57020

(3 CMCQ)




Table 4 The critical Reynolds numbers (Reair)critical Of various regimes by using
octylbenzyldimethylammonium chloride solution (1 CMC)

hexadecylbenzyldimethylammonium chloride solution (1 CMC)

80

Liquid

Reéjiguid

Eo

Re,i:. cricat fOT €ach flow regime

Bubble-

Slug-

(1CMCQC)

Slug Churn | Annular | Mist
slug churn
(CsH,7-CsH,3NCI) .10
Ll 2749 | 115 | 3.06x10™ | 3321 | 4346 | 369 | 2474 | 28510 | 57020
(CigHys-CHuNCD) | oot | 143 | 474 10" | 3833 | 4859 | 369 | 2474 | 28510 | 57020
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Air compressor maximum 10 bar
Solution reservoir tank

Air rotameter

liquid rotameter

check value

Air injection tee

Ball valve A

Ball valve B

. Ball valve C

10. Draining ball valve

11. Control valve for reservoir tank
12. Acrylic tube (1.9 cm)

13. Overflow acrylic tube (5.4 cm)
14. Solution return line to reservoir
Line A Air injection line

Line B Solution injection line

VENAUE LN —

Figure 1 Schematic diagram of the experimental apparatus.
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Figure 2 Dynamic pressure gradient vs. air Reynolds number: a) effect of Rejiquia =
0, 1001 and 2749, Eo = 115, Y =3.06 x107"; b) effect of concentration, Rejiquis =
2749, 2731, 2735, and 2740; c) effect of carbon tail length, Reiiquia = 2749, 2741, and
2740.
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Figure 3 Dimensionless pressure gradient vs. air Reynolds number: a) effect of
Rejiquia= 1001 and 2749, Eo = 115, Y =3.06 x1 07'°; b) effect of concentration,
Rejiquia= 2749, 2731, 2735 and 2740; ¢) effect of carbon tail length, Rejiquid= 2749,
2741 and 2740.
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(e)

Figure 4 Photographs of bubbles in the bubble flow regime:

a) Octylbenzyldimethylammonium chloride (1CMC), Reqir = 28.08, Reiiquia = 2749,
Eo=115,Y =3.06x10""%

b) Octylbenzyldimethylammonium chloride (2CMC), Reair = 28.08, Rejiquia = 2731,
Eo=104,Y = 5.06x10";

¢) Octylbenzyldimethylammonium chloride (3CMC), Re,ir = 28.08, Rejiguia = 2735,
Eo =98.62, Y = 6.42x10™"%;

d) Hexadecylbenzyldimethylammonium chloride(1CMC), Re,ir = 28.08, Rejiguia = 2741,
Eo=113,Y =4.74x10"",

e) Pure water, Reyi; = 28.08, Rejiquia= 2740, Eo = 49.44, Y = 1.41x10™"",
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Figure 5 Bubble width vs. air Reynolds number: a) effect of Rejiguia= 0, 1001 and

2749, Eo = 115, Y =3.06 x107'%; b) effect of concentration, Rejiquia= 2749, 2731,
2735 and 2740; c) effect of carbon tail length, Rejiguis= 2749, 2741 and 2740.
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Figure 6 Bubble height vs. air Reyh'olds number: a) effect of Rejiquia= 0, 1001 and
2749, Eo =115, Y =3.06 x107'"; b) effect of concentration, Rejiqis= 2749, 2731,
2735 and 2740; c) effect of carbon tail length, Rejiquia= 2749, 2741 and 2740.
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Figure 7 Slug height vs. air Reynolds number: a) effect of Reijiquia= 0, 1001 and

2749, Eo = 115, Y =3.06x107'"; b) effect of concentration, Rejiquis= 2749, 2731,
2735 and 2740; ¢) effect of carbon tail length, Rejiquia= 2749, 2741 and 2740.
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(CgH,;)  :Octylbenzyldimethyl ammonium chloride surfactant (1CMC)
(C,(H,;)  :Hexadecylbenzyldimethyl ammonium chloride surfactant (1CMC)

(c)

Figure 8 Bubble or slug velocity vs. air Reynolds number: a) effect of Rejiquis= 0,
1001 and 2749, Eo = 115, Y =3.06 x10™'; b) effect of concentration, Rejiquia= 2749,
2731, 2735 and 2740; c) effect of carbon tail length effect, Rejiquis= 2749, 2741 and
2740.
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