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P N  Velocity Measurements in the Wake of an 
Obstruction Simulating a Taylor Bubble in a Duct 

Peter Vassallo and Ranganathan Kumar 

Abstract 

Knowledge of the flow structure behind a gas slug rising in a liquid is useM in two-phase flow 
modelling, especially with respect to bubble wake dynamics. In chum-turbulent flow, where the 
gas phase is composed of larger slugs interspersed with smaller bubbles, the larger bubbles or 
slugs are observed to entrain the smaller bubbles in their wake. The smaller bubbles are acceler- 
ated toward the trailing end of the larger bubbles or slugs where they subsequently coalesce. To 
help characterize these interactions, PIV measurements in the wake of a large stationary slug 
obstruction have been obtained in a duct. Two flow rates were established. one represented the 
flow behind a large gas slug rising in quiescent fluid and the other represented an idealized slug 
rising with a higher relative velocity, as typically found in higher void hction churn-turbulent 
flow. 

The PIV video camera and light sheet were moved axially to capture images from the rear of the 
slug obstruction to approximately 25.4 cm downstteam. The image magnification was about 6.5, 
which corresponded to a 5.84 cm x 4.88 cm image size for a 0.9 cm x 0.75 cm camera pixel array. 
The measurements were taken in the center of the test section to within k0.25 mm. Twenty 
images were taken at each axial location and averaged to obtain the local mean velocities. 
Because the test section was thin (aspect ratio < 0.05), little variation is expected in the wake 
velocity measurements over the thickness uncertainty range. Fie- 1 shows the layout of the 
P N  set-up, including details on the light sheet optics and camera orientation. 

Full scale vector plots, normalized by the mean velocity, of the measured velocity field in the 
wake of the slug for the two specified Reynolds numbers are given in Figures 2 and 3. The wake 
extent is similar for both cases, although stronger recirculation is evident for the higher Reynolds 
number case. Indeed, for this case, the peak reverse velocity is about twice as fast as the slug 
velocity; a bubble captured here would quickly move to coalesce with the slug. Note that the larg- 
est reverse velocity in the wake is well downstream of the rear of the slug, indicating that the fluid 
is spreading as it moves upstream in the wake and is continually merging with the high velocity 
jet flow on either side of the slug. Mllermaux and Hopfinger (1994) identified similar behavior in 
their study of two co-flowing jets, where a turbulent packet of fluid, shed at the merging distance 
of the jets, was convected upstream toward the beginning of the shear instability at the edge of the 
jets. 

The behavior of the flow around the slug is largely representative of wall bounded jet flow. The 
spreading rate for these flows is usually determined by examining the growth of the half-width of 
the wall jet (where the velocity is half the maximum velocity) in stagnant surroundings. A similar 



analysis was performe for the two cases in Figures 2 and 3; the results are plotted in Figure 4. 
Three regions are indicated by the data: an entrance region which is affected by the inlet condi- 
tions; a region where the jet grows at a linear rate bounded by the values reported by Launder and 
Rodi (198 1) for 2-D and 3-D wall jets, and a region where the jets have merged. With respect to 
region 1, Sfona and Herbst (1970) have observed that the flow development near the jet exit 
depends on the details of the jet exit geometry. In our case, the entrance affects are further com- 
plicated by the fact that the flow is converging just upstream of the jet exit (due to the curvature of 
the slug). In region 2, which is about 20 diameters downstream of the jet exit, similar velocity 
profiles are established from the wall to the shear layer. The gowth rate is h u t  0.06 for both 
Reynolds numbers studied, indicating some 3-D af€ects due to the small jet entrance thickness 
dimension (Le., in most 2-D studies, the thickness dimension is large compared to the jet entrance 
height). The relative insensitivity of the gowth rate to Reynolds number agrees with Launder 
and Rodi’s observation, although the Reynolds numbers in their review were somewhat higher 
than the present experiments’. In region 3, there is considerable scatter due to the turbulent inter- 
actions between the jets. The rapid change of flow conditions in this region disrupts equilibrium, 
such that the turbulent processes and the mean flow take a long time to respond. This invalidates 
the self-preservation assumption for wall jets and the spreading rate does not follow the asymp 
totic values from similarity. However, it is interesting to note that the slope in Figure 4 is larger 
than in the other regions, and is consistent with the increase in growth rate observed in far wake 
flows (Widcox, 1993). 



P N  Velocity Measurements in the Wake of an 
Qbshction Simulating a Taylor Bubble in a Duct 

Peter Vassallo and Rangmathan Kumar 

Summary 

Mean velocity measurements in the wake of an obstruction simulating a Taylor bubble (or slug) 
have been obtained using Particle Image Velocimetxy (PW in a duct. Two flow rates were estab- 
lish& one represented the flow behind a large gas slug rising in quiescent fluid and the other rep- 
resented an idealized slug rising with a higher relative velocity, as typically found in higher void 
hction chum-turbulent flow. The results indicate that, in a reference frame fixed to the slug, the 
flow around the sides of the slug behaves like wall bounded jets which eventually merge down- 
stream of the slug. The ratio of wake volume to slug volume is nearly the same for both Reynolds 
numbers tested (i.e., 3.0 at Re=3,628 and 2.9 at Re72571 although the measurements suggest 
that the wake size decreases somewhat as the Reynolds number is increased. 

Nomenclature 

density difference between gas and liquid 
liquid density 
test section width 
gravitational constant 
infinite rise velocity 
rise velocity 
gas void fraction 
uncertainty in measurement 
time between laser pulses 
magnification factor 
mean velocity 
rms velocity 
number of samples used to calculate velocity 
fluid kinematic viscosity 
distance downstream of the jet 
distance from wall in which the jet velocity is one-half its maximum at a given X location 



1.0 Introduction 

Knowledge of the flow structure behind a gas slug rising in a liquid is useful in two-phase flow 
modelling, especially with respect to bubble wake dynamics. In churn-turbulent flow, where the 
gas phase is composed of larger slugs interspersed with smaller bubbles, the larger bubbles or 
slugs are observed to entrain the smaller bubbles in their wake. The'smaller bubbles are acceler- 
ated toward the trailing end of the larger bubbles or slugs where they subsequently coalesce. To 
help characterize these interactions, PIV measurements in the wake of a large stationary slug 
obstruction have been obtained in a duct. The extent of the wake, the velocity in the wake and 
recirculation strength are d e t e d e d  for two separate Reynolds numbers. 

2.0 Experimental Method 

The slug obstruction was friction fitted at the entrance to the test section, as shown in Figure 1. 
Using a stationary slug simplified the measurements and allowed for multiple PW image acquisi- 
tion at a given location behind the slug, This is not literally the same as a slug moving in a liquid, 
but it is a reasonable approximation. In order to relate these wake measurements with the approx- 
imate wake behind a moving slug, the slug velocity must be added to the measured velocity field. 

The dimensions of the slug obstruction are shown in Figure 1. These dimensions were selected 
based on previous isolated bubble rise experiments, as well as air-water experiments in chum-tur- 
bulent flow. Because the slug obstruction was fiiction fitted into the test section, no flow occurred 
along the sides. 

The water flow rates over the obstruction were selected to cover a wide range of relative velocity. 
For a slug rising in an infinite fluid, Maneri (1995) has expressed the relative velocity as: 

V, = 0.2445 [ 1 +  0.82 (r/w> -0.368 (r/W 'J g@J [ Pl11'2 

For the current test section dimensions and room temperature air-water properties, the above 
equation yields V, = 0.2ds. A flow rate equivalent to this velocity was established in the test 
section to simulate the infinite rise condition. A second, higher flow rate was established to simu- 
late the relative velocity of an idealized slug in a higher void fraction chum turbulent flow. Drift 
flux theory (Vassallo and Kumar, 1995) provides some indication of the magnitude of the relative 
velocity as: 



Using a = 0.5, which is a reasonably high void tiaction in chum turbulent flow, V ,  = 0.4 i d s .  

2.2 PIV Techniauc 

The PIV system was composed of a Nd:Yag pulsed laser, 1.4 MB video camera, rotating mirror 
shifter, and an IBM Risc6000 workstation. In taking the measurements, a region of the flow was 
illumiuated with two 6 nsec pulses of laser light, and the video camera, focused on the light sheet, 
recorded the position of the light scattering particles at two separate times. The rotating mirror 
was used to produce a shift between the first and second particle images so that the velocity direc- 
tion could be determined. Because the video images contained a high density of image pairs, a 
correlation algorithm was used to determine the local flow velocity. The video image was divided 
into inknogation spots, or small regions of the flow over which spatially averaged particle dis- 
placements were computed. The particle image intensities were digitized, and 1 -frame cross COT- 
relation was employed to obtain the velocity in each interrogation spot. A good review of the PIV 
technique is given by Adrian (1991). 

2.2.1 Description of Correlarion Algorichrn 

In standard cross correlation algorithms, two image frames are used to calculate velocity with 1 
pulse of light on each b e .  The distance the particles travel between frames multiplied by the 
fiaming rate determines the flow velocity. Because the particle images are separated between 
fi-ames, the velocity is measured without directional ambiguity, and image shifting is not required. 
Another advantage is that the signal-to-noise ratio for 2-frame cross correlation is superior to the 
auto-correlafion methods. This is because only the first partide images are in h e  1 and only 
the second particle images are in fmne 2. Thus, there is not a mixture of particle images as there 
are with the usual single frame correlation methods. 

However, in general, 2-frame cross correlation is limited by the effective image fkaming rate. 
With the present CCD camera, the time between frames is 0.33 sec, or 3 Hz. From the standpoint 
of image processing, the particle must move less than 1/4 of the interrogation region between the 
first and second laser pulses. This implies that the velocity should be less than 20 c d s  for a 1.25 
mm projected pixel size. This is really only practical for bubble rise experiments where the 
velocity is low and the bubble size is comparable to the pixel size. In general, 2-h.me cross cor- 
relation is not suitable for higher velocity single phase flows. 

Recently, an algorithm has been developed (Lourenco, 1996) which overcomes the framing rate 
limitation but still offers the computational advantages of cross correlation; l-frame cross correla- 
tion. With this method, a large image shift is imposed between light pulses, which creates a 
particle pair separation distance greater than the interrogation spot size. Three Fourier transforms 
are then used to determine the average particle displacement: one for the interrogation region, 
another for the region separated by the image shift, and an inverse transform from the complex 
conjugate product of the two. This, in effect, correlates a group of particles from one interroga- 
tion region with a similar grouping in the other. It is akin to moving the second interrogation 
region over the first until the best “match” is found. This reveals one advantage of 1-fixme cross 
correlation: when the interrogation regions are separated, the displacement of very large particles 



with varying pixel intensity (such as gas bubble in liquid) are more accurately determined. This is 
because the algorithm is not confused by the intensity variations within the large particles or bub- 
bles and treats them like a group. Also, with l-frame cross-correlation the velocity of large parti- 
cles or bubbles with displacements much smaller than the p ~ c l e  diameter can be resolved. The 
l-frame cross correlation algorithm was used for both of the cases tested in this study. 

Data A- Un- . .. 

The PIV video camera and light sheet were moved axially to capture images from the rear of the 
slug obstruction to approximately 25.4 cm downstream. The image magnification was abo-t 6.5, 
which corresponded to a 5.84 cm x 4.88 cm image size for a 0.9 cm x 0.75 cm camera pixel array. 
The measurements were taken in the center of the test section to within H.25 mm. Twenty 
images were taken at each axial location and averaged to obtain the local mean velocities. 
Because the test section was thin (aspect ratio > 20), little variation is expected in the wake veloc- 
ity measurements over the thickness uncertainty range. Figure 1 shows the layout of the PIV set- 
up, including details on the light sheet optics and camera orientation. 

Because the rotating mirror was used to produce large image shifts (> 60 pixels), a non-dorm 
shift displacement was observed across the image field (as reported by Raffel and Kompenhans 
(1995)). In order to correct for this non-Uniformity, 11 images were acquired in zero velocity liq- 
uid flow, averaged, and then subtracted from the average displacement field m e w e d  in the flow- 
ing condition, 

The uncertainty in measured displacement for a 95% confidence level may be given as: 

Term 1 on the right hand side is the uncertainty in determining the center of the particle image. 
The constant, C, accounts for algorithm uncertainties, and is estimated to be 0.07 ("SI, 1994). 
The image diameter is a function of seed diameter and optical paramcters. For the 1 pm titaniWn 
dioxide seed particles used in these tests, the image diameter is 55 p (or 1.19 pixels), and the 
uncertaintyis + 6 % .  

Term 2 is the uncertainty in d e t e d n g  the optical magnification factor. This uncertainty is 
small, estimated to be +1% . 

Term 3 is the uncertainty associated with irregularities in the image shift due to non-uniform mir- 
ror rotation. Based on the distribution of the calculated mean displacements from the zero veloc- 
ity images, the uncertainty is estimated to be 27.3% . 

Term 4 is the statistical uncertainty in determining the average particle displacement. A turbu- 
lence intensity of 50% was assumed, which is conservative from the standpoint of free jet mea- 
surements; based on 20 images and 20 samples in each interrogation spot, the uncertainty is 
_+5% . 



The total uncertainty in mean velocity is therefore estimated b be +10.7%. 

3.0 Results 

Full scale vector plots, normalized by the mean velocity, of the measured velocity field in the 
wake of the slug for the two specified Reynolds numbed are given in Figures 2 and 3. Some 
asymmetry is present in the flow field due to small asymmetries in the slug obstruction and slight 
misalignment in the position of the slug (which was centered in the test section to within O. lmm,  
as shown in Figure 1). The wake extent in Figures 2 and 3 is similar for both cases, although 
stronger recirculation is evident for the higher Reynolds number case. Indeed, for this case, the 
peak reverse velocity is about twice as fast as the slug velocity (given by Eq. (2)); a bubble cap- 
tured here would quickly move to coalesce with the slug. No,& that the largest reverse velocity in 
the wake is well downstream of the rear of the slug, indicating that the fluid is spreading as it 
moves upstream in the wake and is continually merging with the high velocity jet flow on either 
side of the slug. Vilermaux and Hopfinger (1994) identified similar behavior in their study of 
two co-flowing jets, where a turbulent packet of fluid, shed at the merging distance of the jets, was 
convected upstream toward the beginning of the shear instability at the edge of the jets. 

3.1 Wall Jet Analvsis 

The behavior of the flow around the slug is largely representative of wall bounded jet flow. Each 
wall jet contains an inner region in which the flow behaves like a conventional turbulent boundary 
layer, and an outer region in which the free shear layer is closer to a free shear flow than a wall 
bounded flow. The spreading rate is usually determined by examining the growth of the half- 
width of the wall jet (where the velocity is half the maximum velocity) in stagnant surroundings. 
When two jets are allowed to merge &om either side of the slug, there is a recirculation region 
formed behind the slug, and the velocity patterns and spreading process become complex. These 
characteristics of the flow behind a slug in a duct have not been studied previously and =e useW 
for two-phase flow model development. 

Launder and Rodi (1981) have reviewed the measured growth rates of the outer layer in 2-D and 
3-D wall jets for various geometries, and have reported growth rates of 

- @'I2 = 0.073 f 0.002 for 2-D jets 
dX (4) 

- dy1/2 = 0.048 + 0.002 for 3-D jets 
dX 

A similar analysis was performed for the two cases in Figures 2 and 3; the results are plotted in 
Figure 4. Three regions are indicated by the data: an entrance region which is affected by the inlet 
conditions; a region where the jet grows at a linear rate bounded by the values rcported by Laun- 

V.D. 
Reynolds number is defined as Re = L A ,  where Vj = mean jet exit velocity, D. = hydraulic jet  diameter 6 I 



der and Rodi (1981) for 2-D and 3-D wall jets, as in Eq. (4), and a region where the jets have 
merged. With respect to region 1, Sforza and Herbst (1970) have observed that the flow develop- 
ment near the jet exit depends on the details of the jet exit geometry. In our case, the entrance 
effects are further complicated by the fact that the flow is converging just upstream of the jet exit 
(due to the curvatuze of the slug). In region 2, which is about 20 diameters downstream of the jet 
exit, similar velocity profiles are established from the wall to the shear layer. The growth rate is 
about 0.06 for both Reynolds numbers studied, indicating some 3-0 effects due to the small jet 
entrance thickness dimension (Le., in most 2-D studies, the thickness dimension is large com- 
pared to the jet entrance height). The relative insensitivity of the growth rate to Reynolds number 
agrees with Launder and Rodi’s observation, although the Reynolds numbers in their review were 
somewhat higher than the present experiments’. In region 3, there is considerable scatter due to 
the turbulent interactions between the jets. The rapid change of flow conditions in this region dis- 
rupts equilibrium, such that the turbulent processes and the mean flow rake a long time to respond. 
This invalidates the self-preservation assumption for wall jets and the spreading rate does not fol- 
low the asymptotic values from similarity. However, it is interesting to note that the slope in 
region 3 of Figure 4 is larger than in the other regions, and is consistent with the increse in 
growth rate observed in far wake flows (wilcox, 1993). 

3.2 Wake EXW 

Two parameters which are used to describe wake extent are the dimensionless wake volume (w,) 
and the dimensional wake length (Wd. The former may be calculated for the cases in Figures 2 
and 3 by measuring the area of the wake (where the velocity is < 0) and dividing by the area of the 
slug (which is 24.2 cm2). This gives the dimensionless wake volume for the slug in a reference 
frame fixed to the slug. To obtain the dimensionless wake volume in a laboratory reference 
frame, the mean slug velocity must first be added to the measured velocity field. The wake length 
is calculated by measuring the distance to the merging region from the base of the slug and divid- 
ing by the area equivalent slug diameter (which is 5.56 cm). The results are shown in Table 1. 

Table 1: Dimensionless Wake Parameters 

Jet 
Reynolds 
Number 

W V  WL 
Reference 

Frame 
I I I 

Slug I3628 I 3.0 I 3.8 

1 Laboratory I 3628 I 4.9 - 6.4 I 5.5 - 7.2 

Laboratory 7257 3.7 - 6.2 5.5 - 7.1 

Ranges are given in the laboratory reference frame because the wake parameters had to be esti- 
mated by extrapolating the velocity data far downstream of the slug. The wake length and vol- 
ume for both Reynolds numbers are very similar, although it does appear that the wake size 



“ .  

decreases somewhat as the Reynolds number is increased 
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Fi,pe 1. Schematic of experimental set-up. The video camera contained a 1320 x 1100 square pixel amy, 
with a pixel size of 6.8 pm. The magnification factor (iM) for the experiments was determined by taking an 
image of a scale, and measuring the number of pixels over a known distance. The flow rare around the slug 
obstruction was measured within +5%. 
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