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Abstract. In this paper, the bubble effect on the pressure drop caused by frictional losses in horizontal pipe flow was
investigated. Pressure drop reduction in variable Reynolds numbers between 100 and 1000 and void fraction values
between 0 and 0.8 was investigated on a 4m test section. The diameter of bubbles injected into the flow was almost
10cm and slug flow patterns was observed. Increasing Reynolds number in constant void fraction makes the bubbles
move away from the up pipe and decreases the pressure drop reduction level. Increasing void fraction increases the
bubbles effect on the frictional stress and decreases the pressure drop in the pipe. Furthermore, in lower Reynolds
numbers, the void fraction effect on drag reduction is greater than its effect in higher Reynolds numbers. In the present
study, the higher pressure drop reduction was observed in the maximum void fraction and least studied Reynolds
number (1000). Even in very low void fraction, drag reduction was observed in greater Reynolds number. The obtained
values of pressure drop reduction indicate that the bubble injection into pipe flow can be used to decrease the flow
transfer costs.
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1. INTRODUCTION

Decrease drag by bubble injection to a turbulent boundary layer is one of the best methods of viscous drag
reduction. This method was used at the first time by McCormick and Battacharyya (1973). Most research on drag
reduction by micro-bubbles has included flows around a submerged body (McCormick and Bhattacharyya, 1973 and -b;
Fontaine et al., 1999), fully developed and channel flow (Mazzitelli et al., 2003-a and —b; Takahashi et al., 1997; Guin
et al., 1998; Kodama et al., 2000; Kanai & Miyata, 2001; Kawamura & Kodama, 2002; Marchioli & Soldati, 2002; Xu
et al., 2002; Lu et al., 2005; Hassan & Gutiérrez-Torres, 2006; Gutiérrez-Torres et al., 2008; Nan-sheng & Bao-guo,
2011), and flows over flat plates (Madavan et al., 1985; Kato et al., 1999; Ferrante & Elghobashi, 2004; Jacob et al.,
2010). Merkle and Deutsch (1989-a and -b), Kodama et al. (2000), Moriguchi and Kato (2002), and Hassan et al. (2005)
investigated the effects of average void fraction of bubbles on the change of the flow. According to their work, the
amount of drag reduction increases with increasing the average of void fraction. However, Kanai and Miyata (2001)
validated this effect only for the conditions (retirei o in) which the rising of void fraction happens near the wall. In
addition, when the mean void fraction remains constant, the location of the peak of local distribution of bubbles can
affect turbulence changing level. Kawamura et al. (2002) examined flat plates with the same size of bubbles as those in
Moriguchi and Kato’s (2002) research. Kawamura et al.’s (2002) results showed that the larger bubbles tend to
congregate near the wall and that the influence of larger bubbles on drag reduction is more pronounced. Shen et al.
(2006) conducted experiments on a certain range of bubble diameters; According to their results, the bubble diameter
does not have a large influence on drag reduction. Furthermore, Murai et al. (2007) investigated the effects of bubbles
considered to be large relative to the shear layer on drag reduction in horizontal channel flows. They found that, when
bubble sizes are larger than the boundary layer thickness, to a certain degree, the skin friction decreases independent of
the flow velocity.



Investigating the previous works we can realize that few researches were performed about the bubbles effect on
the pressure drop reduction on the pipe flow. In the field of effect of the other drag reduction methods in the pipe flow,
Den Toonder et al. (1997) studied the pipe flow including polymer additives using LDV experimental method and DNS
numerical method. Furthermore, Xueming et al.(2002) investigated the effect of polymer additives on drag reduction
and turbulence characteristics in pipe flow by measuring LDA.

The aim of present work was empirical investigation of the probable influence of bubble injection into the pipe
flow and on the pressure drop caused by frictional losses. Therefore, the pressure drop reduction value in the bubbly
pipe was studied empirically, and the flow effect on the bubbles and accumulation place was studied. (ndo entendi a
dltima parte)

2. EXPERIMENTAL SETUP(EU COLOCARIA “EXPERIMENTAL DEVICE”)

The closed circuit used on empirical tests includes the following elements (figurel):
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Figure 1 — Experimental setup.

. Pump to circulate water in the circuit;

. Air compressor to provide the required air to generate bubbles;

. Bubble generator;

. Air flow meter and valve to measure and regulate the bubble generator inlet air;

. Water flow meter and valve to measure and regulate the water flow rate in the circuit;
. Test pipe made of the flow; Test pipe made to observe the flow;

. Pressure sensor to measure the pressure drop in pipe flow.
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TEST METHODOLOGY AND RESULT

First, the air flow rate was assumed to be zero to investigate the performance of empirical test circuit. The pressure
drop in the pipe was then measured for different Reynolds numbers by changing water flow rate, and the results
obtained for single phase flow were compared with Moody diagram results. Then, the air flow rate increases to a
defined value and the process of increasing Reynolds number of water at different flow rates is repeated. So, based on
the obtained results, the pipe pressure reduction value was analyzed with constant Reynolds number for constant mean
void fraction, as well Eq. (1).

g=—Lar (1)
Qair + Qwater

The uncertainty of air flow rate is 0.02 according to air flow meter, and that of water flow rate is 0.04 in relative
error. Therefore, the measurement uncertainty of the average void fraction is 0.04. Moreover, the uncertainty associated
with pressure drop measurement and friction factor calculation are 0.015 (2.5%) and 0.02 (2%), respectively.

In horizontal pipe flow, total pressure difference between two measured point pressure drop caused by frictional
losses. To investigate the bubble effect on the pressure drop caused by frictional losses.
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3.1. Results obtained for single-phase flow compared with Moody diagram

The non-dimensional pressure drop or friction factor values which are calculated
As, Eq. 2:
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D: Diameter of pipe,

L: Length of pipe,

p: Density of fluid,

V: Bulk velocity of flow.

The results obtained from empirical results with different Reynolds numbers were compared with Moody
diagram results in figure (2). Based on this figure, there is a relatively good consistency between empirical results and
Moody diagram results.
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Figure 2 - Comparison between friction factors obtained from Moody diagram with empirical results of the
present work versus Reynolds number.

3.2. Bubble injection and two-phase flow results

Drag reduction value defined as in Eq.

A c,
DR(%) =| 1 ——=Piwo phase o .

pSingle phase flow

The equation above indicates the variations of pressure drop reduction caused by frictional losses. This value was
shown in figure (3) versus void fraction for different values of Reynolds number. Based on the results, maximum
pressure drop reduction observed in this work was 18% and was obtained for maximum void fraction, i.e. 53%, and
minimum studied Reynolds number, i.e. 7500. It was also observed that with increasing void fraction from 0 to 50%,
the pressure drop reduction value increases for all values of Reynolds number. This trend was observed in the work of
other researchers such as Merkle and Deutsch (1989-a and -b), Kodama et al. (2000), Moriguchi and Kato (2002),
andHassan et al. (2005). Increasing the pressure drop reduction level was due to increasing the number of bubbles in the
flow, and therefore, increasing the number of effective bubbles near the wall. Furthermore, it was observed that in
higher values of Reynolds number, increasing void fraction has a smaller effect on pressure drop. However, in lower



Reynolds numbers, increasing void fraction affects the frictional loss reduction noticeably. In many references such as
Kanai and Miyata (2001) and Guin et al. (1996) it was noticed that the bubbles located near the wall are more active and
effective in drag reduction process compared with the bubbles located far from the wall.

Therefore (troquei thus por therefore pois o primeiro € mais colloquial), increasing mean void fraction in lower
Reynolds numbers increases the number of active bubbles near the wall, but in higher Reynolds numbers, it results in
increasing inactive bubbles far from the wall. Therefore, as shown in figure (3), in higher Reynolds numbers, pressure
drop reduction due to increasing bubbles void fraction is lower than the case of lower Reynolds numbers.
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Figure 3 - Pressure drop reduction value versus void fraction in different values of Reynolds number

4. CONCLUSIONS

In this paper, the bubble effect on pressure drop reduction in upward pipe flow was studied empirically. The
pressure drop value in two-phase flow containing bubbles was compared with single-phase flow, and pressure drop
reduction value caused by the presence of bubbles in the flow was measured. Results obtained from the tests were as
follows:

- Increasing Reynolds number in constant void fraction decreases the pressure drop reduction level. The
observations indicate that increasing Reynolds number makes the bubbles move away from the wall. Therefore, the
number of bubbles near the wall and their effect on the wall stress decrease.

- Maximum pressure drop reduction was 18% obtained in void fraction of 53% and Reynolds number of 7500.
Even in very low values of void fraction like 0.18 considerable drag reduction of 2% was observed in Reynolds number
of 6000.

The results indicate that micro-bubble injection method can be used applicably to reduce pressure drop in the pipe.
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