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Abstract

Flow patterns, the pressure drag reduction and the heat transfer in a vertical upward air–water flow with the surfactant
having negligible environmental impact were studied experimentally in a tube of 2.5 cm in diameter. Visual observations
showed that gas bubbles in the air–water solution with surfactant are smaller in size but much larger in number than in
pure air–water mixture, at the all flow regimes. The transition lines in the flow regime map for the solution of air–water
mixture with surfactant of the 300 ppm concentration are mainly consistent with the experimental data obtained in clear
air–water mixture. An additive of surfactant to two-phase flow reduces the total pressure drop and decrease heat transfer,
especially in the churn flow regime.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that an addition of very small amount of drag reducing agents (DRA) to single phase tur-
bulent flow causes a drastic decrease in the friction factor (Virk, 1975), which results in the reduction of the
pressure drop in tubes and channels. Several works (Soleimani et al., 2002; Baik and Hanratty, 2003;
Al-Sarkhi and Soleimani, 2004) have shown that in two-phase horizontal flows the additive of DRA may
change not only the pressure drop but the flow pattern as well. The latter study reported the effect of a
drag-reducing polymer on two-phase flow patterns in a horizontal of 0.0254 m pipe. It was noted that the
interfacial shear stress was decreased sharply and the flow pattern map was changed. The pressure drop reduc-
tion occurred in almost all flow pattern configurations. This study indicates that maximum drag reduction
usually took place when a slug, pseudo-slug or annular flow changed to a stratified flow by adding DRA.

There are very few studies on effect of DRA in two-phase vertical flows, in spite of the importance of this
problem in long heated pipe systems. The effect of such DRA as Separan AP on downward co-current annular
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flow in a 31.8 mm diameter pipe was studied by Thwaites et al. (1976). They reported that the surfactant
caused a significant reduction in pressure drop and wave frequency. Sawai et al. (2004) studied the effect of
surfactant additives on pressure drop and flow pattern in a vertical upward two-phase flow. The experimental
studies were conducted for two types of surfactants: one was n-hexadecyltrimethylammonium chloride mixed
with a counter-ion sodium salicylate (CTAC) and the other was sodium oleate (SO). The surface tension was
reduced up to 50% of that of water by addition of each surfactant. The pressure drop reduction (PDR) was
achieved up to 90% by the addition of CTAC at liquid volumetric flux of 0.002 m/s. When SO was added, the
PDR obtained was up to 40% in the annular flow at low liquid volumetric flux. Both surfactants caused little
effect on the flow pattern transition between slug and churn/annular flows, but the churn flow regime was sig-
nificantly affected by the addition of CTAC. The flow pattern transition between bubble and slug flows was
only slightly affected by the surfactant addition.

Several maps of two-phase flow patterns have been proposed (see e.g. Taitel et al., 1980; Ohnuki and Akim-
oto, 1996; Spedding et al., 1998). The heat transfer and pressure fluctuations depend on the flow pattern. Hets-
roni and Rozenblit (2000) related the near-wall flow structure in air–water flow to the heat transfer coefficient
by using a heated foil infrared technique. They reported that for bubble flow the near wall streaky structure
(this structure is typical to turbulent single-phase flow) is destroyed. This phenomenon is accompanied by a
significant increase in the heat transfer whereas the level of pressure fluctuations at the wall almost did not
change. For slug flow, the temperature distribution on the heated wall depends strongly on whether slug or
water surrounding the Taylor bubble, passes on the heated wall at any instant. The level of pressure fluctua-
tion increases when the relation of superficial velocities of gas and liquid increases.

An additive of surfactants changes the surface tension of the carrying fluid and the pressure drop per unit
length in pipes and channels. Unfortunately, most of surfactants are not suited for industrial systems because
of their degradation and environmental impact. That is why we have begun a study on hydrodynamics and
heat transfer in heated tubes by adding alkyl polyglycosides to the flow in spite of the fact that their
drag-reducing performance is not the best compared to others surfactants. Alkyl polyglycosides are nonionic
surfactants with negligible environmental impact (Von Rybinski and Hill, 1998). Their production from the
renewable resources glucose and fatty alcohol and their ultimate biodegradation is an example for a closed
cycle. We used an Alkyl (8–16) Glucoside with molecular weight of 390 g/mol for our experiments.

This work is aimed at revealing the effect of surfactant on the flow pattern transition, drag reduction and
heat transfer in a vertical air–water flow.

2. Experimental

2.1. Rheological properties of surfactant solutions

The solution was prepared by dissolving the surfactant (52% active substance and 48% water) in deionized
water, with a gentle stirring over a period of a one-day. The main physical properties can be found in Hetsroni
et al. (2004). The shear viscosity of the surfactant solution for two temperatures at various concentrations is
shown in Fig. 1. The measurements of surface tension were carried out for different concentrations of surfac-
tant solutions over a range of temperature from 300 to 368 K with standard deviation of 2%. In Fig. 2 the
equilibrium surface tension, r, is plotted versus the concentration of the surfactant solution at different tem-
peratures. An increase in the surfactant concentration up to C = 300 ppm (parts per million weight) leads to
significant decrease in the surface tension, whereas the surface tension is almost independent of concentration
in the range 300 6 C 6 1200 ppm. In all cases an increase in a liquid temperature leads to a decrease in the
surface tension.

2.2. Experimental set-up

Experiments were carried out for a vertical upward air–water flow in a circular pipe of inner diameter
24.2 mm. A schematic diagram of the loop is shown in Fig. 3. The overall height of the setup is 12 m. It
includes an 8 m long entrance section (about 330 tube diameters), which makes it possible to obtain a fully
developed flow in the test section. The water was supplied to the test section from the entrance tank, 1, by
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Fig. 1. The shear viscosity of the surfactant solution: (a) T = 25 �C and (b) T = 60 �C.
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Fig. 2. Surface tension of surfactant solution versus a concentration at different temperatures.
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a gear pump, 2. The flow rate was regulated by valves and a bypass line, 3, and measured by an orifice, 4. After
leaving the flow meter, water flows into the pipe at the bottom end, then reaches a two-phase mixer, 5. Air is
supplied from pressure tank, 9. The air flow rate was regulated by valve, 8, and measured by reometer, 7, at
low gas rate and anemometer, 6, at middle and high flow rates. The air is introduced in the mixing chamber
continuously through a porous layer. The mean pore diameter is 120 lm. Two phase mixture flows upward
into the test section, 11. This section is depicted in more detail in the Fig. 3b. At first, the air–liquid mixture
passes over a transparent glass section, 1, serving for identifying the flow patterns by the high-speed video
camera, 2. The pressure measurements were done by two high-accuracy pressure transducers, 3 and 4 at a
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Fig. 3. Experimental set-up: (a) a schematic of the loop and (b) test section and measurement scheme.
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distance 0.28 m apart. After passing through the observation section, the air–water mixture flows into the
heated section, 9. This part of the test section is designed for temperature measurements. A constantan foil,
6, of 50 lm thickness is installed inside the polyethylene tube, which has window cut in its wall, to make the
foil visible to the IR radiometer, 5. The window for IR observation is 100 mm long and 20 mm wide. The foil
is coated, on the air side, by black mat paint of about 20 lm thickness. Constancy of heat flux is achieved by
supplying DC current at up to 100 A from a power supply, 8 through cables, 7.

Then, the mixture flows upward to the upper tank. The air is released into the atmosphere, while the liquid
returns to the entrance tank, on the lowest level. The main purpose of this configuration is to provide better
separation of the air from the liquid, in order to obtain well-controlled flow rates of both phases. The exper-
imental setup and measurement technique in more detail is described in Hetsroni and Rozenblit (2000).

2.3. Measurement techniques

A thermal imaging radiometer is used for the investigation of the temperature distribution on the heated
foil of the test section. The temperature range of the radiometer is from �20 to 1500 �C, with a minimum
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detectable temperature difference of 0.1 at 30 �C. Through calibration, the thermal imaging radiometer is very
accurate in a narrow temperature range, giving the typical noise equivalent temperature difference (NETD)
only, which is less than 0.2 �C (with the image average less than 0.05 �C). A typical horizontal resolution is
1.8 mrad or 256 pixels/line. The calibration of the radiometer was checked with a precision mercury thermom-
eter placed in the water. Since the experiments were performed in two-phase flow, the heat transfer coefficient
fluctuated in time. However, as was shown by Hetsroni and Rozenblit (1994), the temperature distortions and
phase shift in temperature fluctuations on the heated foil begin at f = 15 Hz. In the present study the highest
frequency of fluctuations did not exceed 6 Hz.

The hydrodynamic pattern in the pipes was studied by analyzing high-speed video images. The method is
based on the detection of the edges of flow disturbance in a sequence of video frames. The motion of the flow
disturbance was recorded by a high-speed motion analyzer, with recording rate up to 10000 frames per
second. The illumination was provided by a set of 500 W halogen lamps, mounted on a frame. Pictures were
taken against a black background. In each run a sequence of at least 120 s was recorded. In the playback
mode, typical flow patterns were frozen on the TV monitor and analyzed frame by frame.

The water flow was controlled by a valve and measured by a standard orifice plate with an accuracy of
±1%. The air flow was measured by a reometer at low air rate and by a mass flowmeter with an accuracy
of ±1% at middle and high flow rates. The pressure was measured by the pressure transducers with an accu-
racy of ±1% and response time of less than 5 ms. Electrical power was determined by means of a digital
wattmeter with an accuracy of ±0.5%. All data from sensors were transmitted to a PC, to be stored and
analyzed.

2.4. Experimental procedure

An experimental run consisted of establishing the flow rate with and without air at different values of heat
flux. Two-phase tests were conducted at constant liquid flow rates, with various air flow rates. The experi-
ments were repeated to confirm their reproducibility. The heat transfer and flow parameters for each run were
measured under steady-state conditions.

Video images were used for identifying the air–water flow regime. The transparent tube was illuminated by
a halogen lamp. Pictures were taken against a black background.

For each run the pressure measurement was carried out for both the upper and lower pressure transducers.
The pressure fluctuations were measured by sensors with response time less than 5 ms at sampling frequency of
500 Hz.

The measurement of average temperature of the heated wall and the heat transfer coefficient was done in
the following way. We placed the scanner of IR radiometer at a distance of about 0.55 m from the side of the
test section and measured the average temperature of the heater. These measurements were carried out both
with air flow and without it. During each run, a sequence lasting at least 120 s was stored. Preliminary calcu-
lations (Hetsroni and Rozenblit, 1994) have shown that the difference between the temperatures of the two
sides of the thin constantan foil was less than 0.1 �C. The estimated total heat losses were in the range of
12%, depending on the values of the heat flux.

The time-averaged heat transfer coefficient is defined as
h ¼ q=ðT w � T fÞ; ð1Þ

where q is the heat flux, T w is the time-averaged wall temperature, Tf is the temperature of the water or air–
water mixture, measured at q = 0.

3. Results and discussion

3.1. Flow patterns

An additive of surfactant to the carrying liquid causes drastic changes (Fig. 4) in the distribution of the gas
phase inside the liquid. Flow regimes in both cases of the clear air–water mixture and the surfactant solutions
may be classified as four patterns:



Fig. 4. The typical video images of flow structure at various flow regimes: bubble flow USG/USL � 0.18; slug flow USG/USL � 1.0; annular
flow USG/USL � 64.

894 R. Rozenblit et al. / International Journal of Multiphase Flow 32 (2006) 889–901
1. Bubble flow where discrete gas bubbles are dispersed in the liquid continuum. In small diameter tubes this
regime exists at a high enough superficial velocity of the liquid that causes the mixture to have some frothy
appearance. It is most pronounced at an addition of surfactant to the mixture. In clear air–water mixture
the bubbles have an irregular shape (Fig. 4(a)). Fig. 4(b) depicts flow pattern of the 300 ppm surfactant
solution under the same conditions. The surfactant additive reduces significantly the tendency of coales-
cence between air bubbles. The bubbles are smaller in size but much larger in number than in pure air–
water mixture. In the surfactant solution, the shape of gas bubbles is closer to spherical, than for pure
water. A decrease in the bubble size in two-phase pipe flow in the surfactant solution may be attributed
to a decrease in the surface tension compared to that of clean water.

2. Slug flow where an increase in the gas rate causes some coalescence of bubbles resulting in the formation of
bullet shaped Taylor bubbles (Fig. 4(c)), separated by slugs-liquid usually containing small gas bubbles
(Fig. 4(e)). While the net flow is upward, the liquid between the Taylor bubbles and the pipe wall flows
downward in the form of a thin falling film. In the solution of surfactant this film contains a large number
of gas bubbles (Fig. 4(d)), because they characteristic size approaches the liquid film thickness. The air bub-
bles in the immediate region of a slug in surfactant solution (Fig. 4(f)) are also smaller in size and larger in
number than in the clear air–water slug. The bubbles appear well packed in the slug liquid in a quite orderly
manner.
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3. Churn flow is seen as an important regime occurring between slug and annular flows, where the Taylor bub-
bles broke through the enclosing liquid to form a gas passage in the pipe centre. The video images in this
regime are not having distinctive peculiarities and also represent gradual change from the images typical for
the slug regime to annular regime.

4. Annular flow where the liquid continuum is mainly on to the pipe wall with a clear gas core in the pipe cen-
tre. There is no oscillatory up and down movement. However intermittently, liquid bridges are formed
across the gas core. Frequently, the liquid surface has the wavy character. The gas core may contain the
liquid droplets. We can see that typical image (Fig. 4(h)) of the film in surfactant solution becomes much
foamier, than in clear air–water flow (Fig. 4(g)), because it includes enormous quantity of microscopic
bubbles.

In the flow pattern definition we mainly followed classification described in Spedding et al. (1998a), where
the authors carefully generalized the data on vertical two-phase flow. However we would have to combine
semi-annular flow regime with annular flow, because the experimental definition of transitions between the
semi-annular and churn flow and semi-annular and annular flow is very difficult in the surfactant solution,
because of foaming.

3.2. Flow regime maps

There is no consensus yet on the most appropriate flow mapping parameters accounting for the phase
properties and the tube diameter. In spite of this, it is interesting to compare the flow regime map for
clear air–water flow with both the conventional map that has been adopted for vertical upward flow to verify
setup and the map obtained for the same condition, but with the additive of surfactant to the air–water
mixture.

Definition of the transition lines from one flow pattern to another was provided by analyzing of the pres-
sure signals according to the method suggested by Tutu (1984) and used by us earlier (Hetsroni and Rozenblit,
2000). The analysis of high speed video sequences (up to 3000 frames per second) has served as supplementary
tool in the situation where the boundary location was unclear.

Fig. 5(a) shows the regime map for clear air–water mixture obtained on this setup. Three transition lines
(Taitel et al., 1980) for vertical upward two-phase flow are plotted on this map also. The first of them is
the transition line from bubbly to the slug flow regime:
USL ¼ 3:0USG � 1:15
gðqL � qGÞ

q2
L

r

� �1=4

: ð2Þ
The second line is the transition from the slug to churn flow:
le

d
¼ 40:6

U SG þ USLffiffiffiffiffiffi
gd
p þ 0:22

� �
: ð3Þ
The third one is the transition from the churn to the annular flow:
USGq1=2
G

½rgðqL � qGÞ�
1=4
¼ 3:1: ð4Þ
In Eqs. (2)–(4) USG and USL are superficial velocities of gas and liquid, respectively; qG and qL are average
density of gas and liquid respectively, r is the surface tension, le is the entrance length, d is the pipe diameter
and g is acceleration due to gravity. We can see that experimental data on air–water mixture are in good agree-
ment with the theoretical prediction according to the Eqs. (2)–(4).

Fig. 5(b) presents the analogous map for the solution of surfactant with concentration of 300 ppm. We can
conclude that in spite of drastic visual changes in the characteristic sizes of bubbles in the all flow regimes, the
transition lines (calculated at decreased value of the surface tension for surfactant solution) are mainly
consistent with the experimental data. The exception is some expanding the experimental data that may be
identified as churn flow to the slug and to the annular flow at low gas velocities.
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For the bubble/slug transition, such similarity could be predicted in advance since the rise velocity of the
gas bubbles relative to the average liquid velocity is quite insensitive (Taitel et al., 1980) to changes of the
bubble size.

Moreover, the deviation of transition lines for air–surfactant solution relative to air–water mixture, accord-
ing to Eqs. (2) and (4) for bubble slug and churn annular regimes, is estimated as 20% whereas the surface
tension of liquid is decreased twice. Similar results were obtained in the study of Sawai et al., 2004 on sodium
oleate and CTAC surfactant solutions.

3.3. Pressure drop and drag reduction

The wall pressure fluctuations for vertical flow have been studied by Jones and Zuber (1975), Tutu (1984),
Costigan and Whalley (1997), Spedding et al. (1998b) to define the boundaries of the flow regime transition.
It was shown that careful definition of boundaries is an independent and difficult problem.

The measured pressure drops for upward gas–liquid flows are mainly an indication of liquid holdup and are
weekly dependent on wall drag. It means that the total pressure drop does not reflect accurately the frictional
component, particularly at low gas rates.

The typical pressure drop signals per the unit length for various flow regimes are shown in the Fig. 6 for
both clear air–water flow and the surfactant solution of two concentrations of 100 and 300 ppm. It can be seen
that the effect of surfactant on the pressure drop varies, depending on the flow regime. The surfactant increases
an oscillatory component of the pressure drop signal for the bubble flow, whereas this component of the signal
is essentially decreased for annular flow. The effect of surfactant on the pressure drop in the slug flow is only
weakly distinctive. Fourier analysis (Fig. 7) of the pressure drop signal in this regime also shows insignificant
changes in the pressure frequency and the intensity oscillations.

Fig. 8 gives experimental values of vertical total two-phase pressure drop per unit length depending on the
ratio of superficial velocities for both clear air–water and surfactant at 300 ppm solution at two superficial
velocities of liquid. We can see here that an addition of surfactant to two-phase flow decreases the total
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pressure drop, as could be expected. This decrease is more pronounced at lower superficial liquid velocity.
Quantitatively we will characterize the effect of the surfactant on the pressure gradient by the magnitude of
pressure drop reduction (PDR) as
PDR ¼ ð�dP=dxÞw � ð�dP=dxÞs
ð�dP=dxÞw

; ð5Þ
where (�dP/dx)w and (�dP/dx)s are the pressure gradients without and with surfactant addition. We can see
(Fig. 9) that the PDR values increase with increasing superficial gas flow rates, arrive at their maximal values
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at slug-churn transition and decrease with further rise in gas flow rate. The maximal value of PDR is of 19%
and 42% for the liquid superficial velocity of USL = 0.5 m/s and USL = 0.1 m/s respectively. These results agree
well with the data on PDR of solution of air–water mixture with CTAC surfactant in the same diameter ver-
tical tube obtained by Sawai et al. (2004). The authors divided the total pressure gradient into the frictional
and gravitational pressure gradients. They found that decrease in the magnitude of the total PDR was caused
mainly by the gravitational component, in another words by foaming in the liquid phase. Similar conclusions
could be reached considering the data on PDR (Fig. 10) in the mixture of the clear water (VSG = 0) and
surfactant of 300 ppm concentration. We can see that the maximal value of PDR in this case is not over
0.5% at the liquid velocity USL = 0.1 m/s and 4% at USL = 0.5 m/s, whereas in the air–water flow with surfac-
tant the magnitude of total PDR is considerably more.
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Fig. 10. The PDR dependence on the liquid flow rate in the mixture of the clear water (UG = 0) and surfactant of 300 ppm concentration.
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3.4. Heat transfer

The increase in the PDR value in a solution of clear water with surfactant is accompanied by a decrease in
heat transfer. Fig. 11 shows the experimental dependence of the Nusselt number NuL ¼ hLd

jL
(where hL is the

heat transfer coefficient, d is the tube diameter and jL is the liquid conductivity) on the Reynolds number
ReL ¼ ULd

m (where UL is the average liquid velocity and mL is kinematic viscosity) for clear water and for sur-
factant solution of 100 ppm and 300 ppm. The dashed line in the graph is the Sieder–Tate equation for the
heat transfer of liquid in the tube
Fig. 11
hollow
NuL ¼ 0:023Re0:8
L Pr0:4

L : ð6Þ

We can see that an addition of surfactant to water causes a decrease in the value of the heat transfer coeffi-
cient. This fact is in good agreement with the data on the rise of PDR according to the data in Fig. 10.

The heat transfer in vertical air–water flows is defined not only by the friction value, but the by the grav-
itational component and distribution of gas phase in the liquid as well. Usually heat transfer in air–water flow
is more intensive relative to the heat transfer in the clear water without gas phase. Several correlations have
been used for two-phase heat transfer coefficients. Kudirka et al. (1965) and Dorresteijn (1970) correlated the
heat transfer enhancement g = hTP/hL over single-phase liquid heat transfer. Vijay et al. (1982) developed cor-
relations based on the Lockhart–Martinelly parameter /2

L ¼ DP=DP L. The values of single phase liquid heat
transfer coefficient hL and pressure drop DPL are determined from the standard heat transfer and friction fac-
tor correlations. The correlations in the form of a modification of the Sieder–Tate equation were proposed by
Groothuis and Hendal (1959), Ravipudi and Godbold (1978), and Elamvaluthi and Srinivas (1983). In these
works, the heat transfer experimental data and the data and correlations from various sources were compared.
The excess form of the heat transfer coefficient in slug flow regime was introduced by Hetsroni and Rozenblit
(2000).

Fig. 12 presents the relation of the two-phase Nusselt number versus the ratio of superficial velocities USG/
USL for clear air–water flow and solution of the air–water mixture with surfactant of 300 ppm concentration at
two different superficial velocities of liquid: 0.1 and 0.5 m/s. The experimental data for air–water mixture are
in good agreement with the correlation (7) (dashed line in the graph 12) given by Kudirka et al. (1965)
NuTP ¼
hTPd
kL

¼ 125
USG

USL

� �0:125 lG

lL

� �0:6

Re0:25
L Pr0:333

L

lB

lW

� �0:14

; ð7Þ
where hTP is heat transfer coefficient in two-phase flow, lG and lL are dynamic viscosities of gas and liquid
respectively, lB and lW are dynamic viscosities of the liquid at the bulk and the wall temperatures,
respectively.
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. The relation between the Nusselt number and Reynolds number in the mixture of the clear water (UG = 0) and surfactant: water–
, surfactant of 100 ppm–grey; surfactant of 300 ppm–black symbols, respectively.
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Fig. 12. The effect of the ratio of superficial velocities USG/USL on the two-phase Nusselt number for clear air–water flow and solution of
the air–water mixture with surfactant of 300 ppm. Symbols: (h) air water mixture at two different liquid superficial velocities of 0.1 and
0.5 m/s; (m) surfactant of 300 ppm at superficial liquid velocity of USL = 0.1 m/s; (�) surfactant of 300 ppm at superficial liquid velocity of
USL = 0.5 m/s; dashed line is the correlation of Kudirka et al. (1965).
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An additive of surfactant to air–water mixture inconsiderable changes the heat transfer at low values of the
ratio of superficial velocities USG/USL 6 1.0 in the bubble and slug flow, whereas the surfactant drastically
decreases the heat transfer in the churn flow regime, compared to the clear air–water flow. This phenomenon
may be explained by two possible reasons. The first cause is some thickening of the film, because of huge num-
ber of small bubbles (Fig. 4(f, h)) emerged into the liquid next to the tube wall and cause some decrease in the
average flow velocity. The second reason is a strong decrease in the value of thermal conductivity of the air–
water mixture near the tube wall, because the gas has a much smaller thermal conductivity relative to the
liquid one. The minimal value of Nusselt number for the solution of surfactant with air–water mixture occurs
in the region of the transition from churn to annular flow. The rise in the gas flow rate is accompanied by
further decrease in the gas bubbles diameter. The volume fraction of gas in the film progressively falls off,
increasing both the heat conductivity of the film near the pipe wall and the liquid velocity. This phenomenon
is accompanied by increasing the friction component of the pressure drop. Hence the heat transfer has again a
tendency to rise in an annular flow regime. However it becomes lower than the one in clear air–water mixture.

4. Conclusions

Flow patterns, pressure drag reduction and heat transfer in vertical upward air–water flow with a surfac-
tant, having negligible environmental impact, were studied experimentally in a tube of 2.5 cm in diameter.

Visual observations showed that the addition of surfactant reduced significantly the tendency of coales-
cence between air bubbles. The bubbles are smaller in size but higher in number than in pure air–water mixture
at all flow regimes. The shape of bubbles is closer to spherical, than for pure water. The thin film around the
Taylor bubble in the solution of surfactant contains a large number of gas bubbles at slug flow. The bubbles
appear well packed in a quite orderly manner as in the slug liquid as well in the film in this flow regime. In the
annular flow regime, the film in surfactant solution becomes much foamier, than in clear air–water flow.

The regime map for the solution of air–water mixture with surfactant of the 300 ppm concentration shows
that in spite of drastic visual changes in the characteristic sizes of bubbles in the all flow regimes, the transition
lines are mainly consistent with the experimental data obtained in clear air–water mixture. The exception is
some deviation on the right of experimental data at small superficial gas velocity for the transition from
the churn to annular flow.

The effect of the surfactant on the pressure drop varies depending on the flow regime. The surfactant
increases an oscillatory component of the pressure drop signal for the bubble flow, whereas this component
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of the signal is essentially decreased for annular flow. The effect of surfactant on the pressure drop in the slug
flow is only weakly distinctive. An additive of the surfactant to two-phase flow decreases the total pressure
drop, as could be expected. This decrease is more pronounced at lower superficial liquid velocity. The PDR
values increase with increasing superficial gas flow rates, arrive at their maximal values at slug-churn transition
and decrease with further rise in gas flow rate.

An additive of surfactant to air–water mixture inconsiderable changes heat transfer at low values of the
ratio of superficial velocities USG/USL 6 1.0 in the bubble and slug flow, whereas the surfactant drastically
decreases the heat transfer in the churn flow regime relative to the clear air–water flow.
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