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Abstract--This paper follows on from the research recently published by Moursali et al. (1995a). While 
the first data reported were relative to the void migration, the wall shear stress and in a very limited extent 
to the liquid velocity, the present results provide new information on the kinematic and turbulent structure 
of  a bubbly boundary layer at low air concentrations. The mean liquid velocity is shown experimentally 
to obey a modified logarithmic law of  the wall in the presence of  millimetric bubbles. An expression for 
this modified law is derived by simple analytical considerations and non-dimensional scaling. The skin 
friction calculated on this theoretical basis fits the measurements satisfactorily. Longitudinal turbulence 
intensity profiles are also obtained. They show that the turbulence is increased by two relatively uncoupled 
mechanisms: a modification of  the wall production and the creation of  pseudo-turbulence in the external 
layer. Finally, the mixing length inferred from the data is given and compared with some of  the models 
which are proposed in the literature. © 1997 Elsevier Science Ltd. All rights reserved. 
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1. I N T R O D U C T I O N  

The detailed description of  the wall region in a bubbly flow is of real interest for specifying the 
boundary conditions close to the surface to be implemented in numerical codes (Lance and Lopez 
de Bertodano 1992). Referring to the literature, the structure of upward wall-bounded bubbly flows 
has generally been analysed for pipe geometries (Serizawa et al. 1975; Sato et al. 1981; Nakoryakov 
et al. 1981; Wang et al. 1987; Souhar 1989, Liu 1993) and is well documented. However, the small 
diameter of the pipes makes the investigation of  the flow close to the surface quite difficult when 
using the standard local probes or almost impossible by means of high speed camera visualization 
technique. 

The study of  another-wall bounded flow pattern is therefore useful, provided that the 
aforementioned difficulties are not encountered. The authors have selected the case of a turbulent 
boundary layer developing on a vertical flat plate in the presence of millimetric bubbles, both 
because of  its much simpler geometry and of its practical advantages. Of course the choice of a 
different configuration may lead to significant differences in the observations, but it is expected that 
the basic mechanisms involved in the two situations--pipe or flat plate--will remain, for the most 
part, very similar. 

The first results of  this research which recently appeared in Moursali et al. (1995a) support this 
idea. They mainly concern the question of phase distribution. The void fraction profiles obtained 
in the section x = 1 m downstream of  the leading edge, exhibit a sharp relative or absolute 
maximum, Ep, at a distance of the order of the mean equivalent radius of the bubbles from the 
wall and asymptotically recover their free-stream value. The void peaking phenomenon observed 
here close to the plate is consistent with the findings of a number of authors dealing with upward 
pipe flow (Serizawa et al. 1975). By taking high speed video films of the flow it was shown that 
this phenomenon could be attributed to a deceleration of the bubbles at the surface and to a 
significant number or bubbles which were deflected towards the wall. These so called migrations 
seem to be quite random and characterized by a short timescale. As noted in Moursali et al. 

(1995b), the frequency of the void migration proves to scale quite nicely when using the typical 
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time scale of the single-phase bursting process, suggesting that the motion of the migrating bubbles 
might be the result of their interaction with some coherent structures. Moreover, it is mainly the 
small bubbles (/3B ~ 3.5 mm) which migrate and remain at the wall, whereas the large ones 
concentrate in the outer stream. Similar conclusions have been reached by Serizawa et al. (1988), 
Monji and Matsui (1991), Liu (1993), Zun et al. (1992). An investigation in progress in our 
laboratory has provided extra information on this question (Tran-Cong et al. 1996), in the case 
where a few number of bubbles, with a given size, were released near the plate from a single nozzle. 
Concerning the skin fraction, our measurements indicate that the shear stress at the wall is increased 
by the presence of the bubbles. This is also in agreement with all the data of the pipe literature 
with the same range of parameters (bubble size, void fraction, flow direction, liquid velocity). 

The influence of the void peaking distribution on the mean liquid velocity and longitudinal 
turbulent intensity profiles is analysed in the current work. The experimental facility, operating 
conditions and measuring techniques are described in sections 2 and 3. In section 4.1, the 
modifications of the velocity profiles are discussed. In particular it is shown that the standard 
kinematic structure of the initial turbulent boundary layer is preserved with, however, a modified 
law of the wall. Based on simple theoretical arguments, an expression for this new law is derived 
in section 4.2 and tested in its ability to predict the increase of wall shear stress, for which 
measurements are available (Moursali et al. 1995a). The possibility of extending these results to 
bubbly flows in pipes is examined section 4.3, in the light of the available data and of the previous 
model (1987a). Section 5.1 is devoted to the experimental study of the action of the bubbles on 
the turbulence production. Surprisingly, the longitudinal turbulence intensity is slightly modified 
in the intermediate layer (logarithmic zone), although it increases significantly outside by two 
distinct mechanisms: an extra wall production caused by a higher mean liquid velocity gradient 
and a generation of pseudo-turbulence in the outer region. Finally, in section 5.2 it is shown that 
the use of a mixing length is justified at low void fraction and that the model inferred from our 
data compares quite well with certain expressions recommended in the literature. 

2. EXPERIMENTAL FACILITY: DESCRIPTION AND OPERATING CHARACTERISTICS 

A detailed description of the facility is given in Lance and Bataille (1991) and Moursali et al. 

(1995a). The sketch of the experiment (see the second reference) is displayed in figure 1. The flat 
plate is located at the centre of the test section of a vertical water tunnel. The latter is operated 
in the upward direction at atmospheric pressure, ambient temperature and at liquid velocities which 
do not exceed 1.5 m/s. The water was filtered and decalcified, but no other precaution was taken 
to remove impurities in view of the dimensions of the facility. Under such conditions it is expected 
that the water is contaminated. Air is blown uniformly into the liquid upstream of the inlet of the 
test section by means of an array of needles fixed on a square mesh grid. The void fraction obtained 
with this kind of injector varies from 0 to 6% depending on the injection pressure. The plate, which 
is 15 mm thick, 400 mm wide (z-direction), and 2 m long (x-direction) is made of plexiglass. Its 
ogive shaped leading edge lies 0.5 m downstream of the entrance. The transition of the boundary 
layer is triggered by a rough abrasive ribbon, 3 cm wide, stuck on the surface immediately 
downstream of the leading edge. 

LDA measurements made in the absence of bubbles showed that the turbulent boundary layer 
had a standard structure (Schlichting 1968). In particular there is no significant pressure gradient 
along the x-axis, and the low free-stream turbulence (<  1%) generated by the injection grid does 
not affect the flow on the plate (Hancock and Bradshaw 1983). For an external velocity, UE, of 
1 m/s, the thickness, 6, of the boundary layer is of the order of 22 mm at the station x = 1 m, and 
the associated Reynolds number, R~, is of the order of 22,000. Regarding the inlet conditions, the 
liquid and void fraction profiles upstream of the flat plate prove to be quite flat, as required. The 
granulometry of the bubbles was determined by using two complementary techniques: an optical 
probe and a high speed video camera (section 3). Two distinct regimes of injection were observed 
(figure 2, Moursali et al. 1995a). At very low void fractions (0% < E < 1.5%), the bubbles are 
small, quite uniform in size, with a mean equivalent diameter/3B = 3.5 mm, whereas at higher void 
fractions (3% < E < 5.5%), the equivalent diameters of the bubbles range from 3 to 8 mm, most 
of  them being closer to 6 mm. Over that range, the bubbles are approximately oblate spheroidal, 
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and have a mean velocity, UB, given by: UB = UL + UR, where the relative velocity, UR, is of  the 
order of  20 cm/s. 

The results reported hereafter were obtained at station x = 1 m downstream of the leading edge, 
under the first injection regime. As mentioned above, this corresponds to the case where the bubbles 
are small (of order of  3 mm) and for which migration takes place. The associated void fraction 
profiles are typically of  the form exhibited in figure 3. They are characterized by a sharp maximum 
at the wall, Ep (which roughly extends to a distance of the order of  the mean bubble diameter from 
the wall), and a large flat shape portion at constant free-stream value, EE. The variation of  ~p as 
a function of  EE and of  the associated bubble number per unit of  time: FE, Fp, is given in table 1 
for the range of  void fraction considered. 

3. I N S T R U M E N T A T I O N  

All intrusive probes were fixed on a rod whose motion in the transverse direction was controlled 
by a motorized micrometer screw device. Their initial distance from the wall was adjusted using 
a telescope. The zero was taken as the probes came into contact with the plate. An optical 
transducer was used to read their exact position with an accuracy of 10/tm. The local bubble 
frequency and the void fraction, E, were determined using an Optoflow 'Photonectics'  optical probe 
whose measuring volume is of  the order of  (50 t i m )  3. The rise velocities, shapes and trajectories 
of  individual bubbles were estimated from high speed video films taken with a NAC-VHS camera 
(200 frames/s). The friction velocity, U.', was inferred from measurements of  the two-phase local 
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wall shear stress, made with a flush-mounted hot film. For further details about these various 
measuring techniques as well as the signal processing procedure, the reader should refer to Moursali 
et al. (1995a). 

The mean liquid velocity and longitudinal turbulent intensity profiles, UL(y) and u~(y), were 
measured by means of a miniature TSI 1264 AW-BR conical hot film connected to a TSI IFA100 
constant temperature anemometer. It was preferred to a Laser Doppler anemometer, because the 
use of the latter is particularly delicate with millimetric bubbles (Mari6 1983; Cartellier and Achard 
1985) and soon limited as the void fraction increases (Mari6 and Lance 1983), which is typically 
the case close to the wall. The conical rather than the cylindrical shape was chosen, because it is 
less sensitive to impurities and because the piercing of the bubbles is sharper, especially close to 
the wall. Since its apex angle is 40 °, the probe was inclined at an angle of 20 ° from the flow (or 
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Table 1. Parameters for the scaling of the wall layer 
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ULE (m/s) eE (%) FE (/s) Ep (%) Fp (/s) U; (m/s) K' C' U~. (m/s) C' 

0.75 0.0 0.00 0.0 0.00 0.034 0.41 4.9 0.034 4.9 
0.75 0.2 1.71 2.0 4.72 0.037 0.53 6.2 0.028 8.6 
0.75 0.5 3.40 3.5 8.75 0.039 0.62 6.8 0.026 12.4 
0.75 1.5 9.25 6.0 17.24 0.044 0.78 7.6 0.025 15.8 

1.0 0.0 0.00 0.0 0.00 0.045 0.41 4.9 0.045 4.9 
1.0 0.2 2.14 1.6 6.23 0.047 0.45 5.5 0.042 6.4 
1.0 0.5 4.12 3.8 11.97 0.049 0.53 6.1 0.037 8.4 
1.0 1.5 10.80 6.8 21.50 0.052 0.65 7.0 0.037 12.3 

plate direction) in order to reach the surface. In the flee-stream, the angular response of  the probe 
was found to be relatively insensitive to its inclination with respect to the flow up to ±20  ° (see 
figure 4(a)). In what follows, it is assumed that such a behaviour still holds inside the boundary 
layer. In the immediate vicinity of  the wall, however, the diameter of  the sensitive ring of the probe 
is of  the order of  the thickness of  the viscous sublayer (0.1 mm), i.e. of  the order of  a typical length 
scale over which the velocity varies significantly. As a consequence, the measurements made in that 
region are expected to be inaccurate. Indeed in single-phase flow, at a given station x = 1 m and 
flee-stream velocity U~ = 1 m/s, the longitudinal turbulent intensity profile only proved to be in 
good agreement with that given by Klebanoff (1955) and others, if the maximum of  both curves 
were made to coincide, i.e. if a very small shift of  the origin of  the y coordinate was performed 
(y0 = 50/~m). This of  course means that when the probe was touching the wall, the turbulent 
intensity actually measured was that prevailing at a distance y0 = 50/~m from the wall. This shift 
of  the origin was taken to be the same in the presence of bubbles. This assumption, which might 
very well be questioned, is immaterial in the present context since y0 is quite small compared to 
the range of y of  interest. The signal delivered by the anemometer  was analogous to that observed 
in other experiments reported in the literature (Wang et al. 1987) and was processed using a 
thresholding technique applied to its time derivative, as discussed in Lance and Bataille (1991), 
Moursali (1993) and schematically illustrated in figure 4(b). Close to the wall however, (y+ ~< 20), 
an additional difficulty arises from the above procedure since the amplitude of some of  the high 
frequency components  of  the liquid velocity fluctuation become of  the same order of  magnitude 
as that of  the peaks associated with the piercing of bubbles. In order to make up for the associated 
loss of  information concerning the liquid, when determining its characteristic function ZL(t), the 
acquisition time was significantly increased. The error of  such measurements is maximum close to 
the plate, where conduction problems take place at the surface and where the spatial resolution 
of the probe is bad, compared with the inhomogeneity scale. As seen in figure 6 (~p = 0%), the 
uncertainty for single-phase runs, is of  the order of  30-50% in the viscous sublayer, but it does 
not exceed 10% in the other parts of  the flow. Roughly the same accuracy is expected with bubbles. 

4. K I N E M A T I C  STRUCTURE 

4.1. Mean liquid velocity profiles 

The influence of  migration on the characteristics of  the boundary layer was first analysed through 
the modifications of  the local mean liquid velocities. The latter were measured at various external 
void fractions, EE, up to 1.5% (first injection regime in figure 2), keeping the mean liquid velocity 
in the free-stream, ULE, constant. It must be stressed that the measurements in the pipe literature 
are usually performed at a given superficial liquid velocity. Here, the choice of  other flow conditions 
was made with, as a first step, the intention of  disregarding the acceleration effects generated by 
the bubbles in the outer region. Typical profiles at station x = I m are shown in figure 5. In the 
immediate vicinity of  the plate, the main effect of  the bubbles is an increase of  the mean liquid 
velocity gradient with, as a consequence, a flattening of the shape of the profile in the outer region. 
As far as we can judge on these data, the boundary layer thickness, 6, seems to be almost unaffected 
by the bubbles, however this result is more precisely confirmed by the shape of  longitudinal 
turbulent intensity profiles (section 5.1). Additional information on the structure of  the flow is 
obtained by plotting these profiles in dimensionless form, using the two-phase friction velocity 
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directly derived from the wall shear stress measurements (Moursali et al. 1995a). The logarithmic 
plot of  the velocity in terms of  the inner variable, 

y+ = yU',,  
V 

shows by comparison with the single-phase wall-bounded flow theory (Tennekes and Lumley 1972), 
that the three zones usually encountered in a single-phase boundary layer are preserved: viscous 
sublayer, logarithmic zone, and the wake region (figure 6). That such a result holds might intuitively 
be considered as obvious in view of the low free-stream void fractions investigated here. However, 
one should keep in mind that in the vicinity of the wall, the peak void fraction, cp, can be as high 
as 7% (figure 3). In the range y+ = 30-200, which corresponds to a domain where y is of the order 
of/3B, the velocity profiles can be described by a logarithmic law, whose constants K'  and C'  differ 
from the single-phase values K and C and are functions of EE, Cp, and ULE (see table 1). The 
persistence of  the logarithmic region suggests that the equilibrium production dissipation process 
which is characteristic of  the single-phase boundary layer still exists with bubbles. Very close to 
the wall, despite some scatter in the data, the non-dimensional thickness, s, of  the viscous 
sublayer--defined here, as the ordinate of the intersection of the logarithmic and linear parts of 
the velocity profile (that is s =  10.6)--is approximately constant. Incidentally, it is a 
straightforward matter to derive from the latter property a value of the additive constant C'  in 
terms of K, C, K'  and s 

( C'=s 1 -  + ~ c  Ill 

which turns out to be in good agreement with the experimental data. 
Finally, in the outer region (y+ > 200), the flattening of the profiles is associated with a 

progressive depression of the wake function as eE increases. As will be demonstrated in the next 
section, such behaviour results directly from the increase of K', which itself finds its origin in the 
gravity effects generated by the high bubble density at the surface. Furthermore, the 
pseudo-turbulence produced by the bubbles in the free-stream may play a significant role in the 
flattening process (Mari~ 1987a). However, in our case it remains too low for its effect to be 
detectable in the presence of the other prevailing mechanism. 
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4.2. The law of the wall 

In this section, an analytical expression for the modified logarithmic law of the wall is derived 
from scaling considerations on the momentum equation for the liquid phase in the two-fluid model 
(Ishii 1975). For a stationary, fully developed upward bubbly flow in a channel (width 2 h), 
integration of this latter equation over a distance y from the wall (Sato and Sekoguchi 1975) leads 
to a relationship of the form 

[21 

in which (E)/, and (c>~_: are the average void fractions from the surface up to the centre of  the 
channel and from the position y up to the centre. Equation [2] is valid under the usual 
simplifications, that is, mainly equating the pressures in the liquid and the gas, and neglecting in 
the stress the terms weighted by the gas density. The same integral method plus the standard 
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approximations for a turbulent boundary layer on a flat plate (Tennekes and Lumley 1972) gives, 
for the inner region only, the following balance 

r 
- = U:’ -g 
P s 

‘(t - te)dy. 
0 

[31 

The order of magnitude of the term in the integral can be easily estimated. Indeed the typical 
shape of the void fraction profiles (figure 3) can be approximated by a rectangular step distribution 
with a zero value in the sublayer, a constant average peak value, .G, over the logarithmic layer and 
a constant free stream value, CE. Accordingly, [3] reduces to 

( aiJ; 
(1-E) vr?4’-uLoLX 

1 
= U2 - g(t* - EE)Y 141 

where symbol (-x) stands for the local phase average. For the sake of simplicity, $L will be denoted 
by UL in what follows. In the logarithmic range, y is typically of the order of & and t* roughly 
of the order of cp, (+. > c~). We therefore deduce that in the overlapping area 

-ax z ui2 - g(& - &)ij, = f12. 151 

Such a result suggests that UL is no longer the velocity scale which is adapted for describing the 
level of shear stress in the wall region, but that the physically meaningful scaling is the new wall 
velocity, LE, defined by [5]. This should also apply to the mean liquid velocity, hence the previous 
profiles have been replotted in figures 7, replacing Ui by tX. In this form, the most interesting 
feature is that the slope of the logarithmic law remains unchanged, while its origin is simply shifted 
upward, depending on the void fraction. This behaviour is even more visible on the enlarged views 
presented in figure 8. It is clear that the universal character of the overlapping region is preserved, 
provided that an appropriate logarithmic velocity scale is used. The same general conclusion has 
already been reported by Tennekes (1965) for turbulent boundary layers exhibiting distinct inner 
and outer layers, such as boundary layers with suction or injection. Here, the matching of the two 
layers is realised by UZ, which accounts for the modification of the friction at the surface in 
connection with the differential gravity forces acting between the wall and the free-stream bubble 
layers. The gravity effect is even more obvious when introducing the frictional Froude number, 
FRs, in (51. That is, - 

&&h. t2= u:’ . 

ti’ 
0 

u. ) 
6~ = 6P - CE. El 

Re6 = cs, 

Calculation of U: from the measured values of UL (Moursali et al. 1995a) indicates that it is 
slightly lower than the single-phase friction velocity U. (table 1). The problem is now the 
determination of the modified additive constant c”. Keeping in mind that the sublayer thickness, 
s, is unchanged when scaling the profile with UL (section 5.1), the expression of c” can be easily 
obtained as 

c” - C = s $ - 1 
( ) 

- f Ln(/?). 

The agreement between the value thus calculated and that deduced from the data is good (figure 
9). The assumption of a constant sublayer thickness is therefore quite acceptable. The fact that 
E is the correct matching velocity scale for the overlapping region is yet more obvious when 
considering the same profiles under their defect form (UL is replaced by ULd = ULE - UL, figure 10.) 
Indeed, all the data collapse nicely onto the same logarithmic law, as for single-phase turbulent 
boundary layers on a flat plate. In particular the wake strength, 2III”/K, defined by Coles (1956) 
keeps it typical plate value of 2.35. The validity of the above can be checked in an ultimate way, 
by deriving the wall friction law associated with the modified logarithmic law, and by comparing 
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the measurements recently published (Moursali et al. 1995a). The two laws of friction without and 
with bubbles are written, respectively, as 

2H Uu_ 1 ln(6 + ) + C + -  [8] 
U. K K 

UL~ 1 C~ 2H ~ 
U~ - ln(6~) + + ~ - .  [9] 

The present experiment was performed keeping the free-stream velocity constant, that is, 
ULE = UE. Moreover, the boundary layer thickness, 6, is unaffected and no modification of the 
wake is observed (FI X = FI). Combining [8] and [9] and eliminating 6 yields the final relationship 

K ( f , -  s t )  - -  K(,I~,- s )  - I n ( t )  = 0 [10 ]  
/12 -- Fr*~x 
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in which A = ~/2/Cv is a function of the friction coefficient, Cv, in the single-phase boundary layer. 
Since eE remains low (< 10%), the logarithmic term in [10] can be neglected. Subsequently, the 
increase of wall shear stress is the solution of a quadratic equation 

( ~ )  = fos - ( f°  - s )v / f ° ( fo  - (2s - fo)r"'E~) 
,o,.., fo(2s - f o )  

[Ill 

As shown in figure 11, [11] fits satisfactorily the trends exhibited by the data. In particular, the 
fact that the wall shear stress increases with Ex and that, for constant Ex, the increase is greater for 
low values of the external velocity is well reproduced. We conclude that over the range of flow 
conditions investigated, the dominant mechanism involved in the flattening of the velocity profile, 
and therefore in the increase of the wall gradient, is the gravity effect created by the high 
concentration bubble layer close to the surface. Also, we see on the same figure that the previous 
model proposed by Mari6 (1987a) greatly underestimates the action of the gas, especially at low 
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external velocity. This is not surprising in so far as this model assumes that the flattening results 
from the pseudo-turbulence generated by the bubbles in the outer layer. In the current work, since 
the free-stream void fraction, ~E, is particularly low ( <  i.5%), this complementary mechanism is 
masked by the mechanism described above. A similar trend has been found with the fluid 
entrainment process in gravity driven bubble flows (Mareuge and Lance 1995). 

4.3. Comparison with bubbly flows in pipes 

Bubbly flows in vertical pipes have been studied extensively in a number of  experiments. 
Unfortunately, most of  the data which are available, are not scaled in terms of wall-variables, 
making the comparison with our results impossible. To our knowledge, the only exception since 
the pioneering approach of Sato et al. (1981), is the recent work presented by Nakoryakov 
and Kashinsky (1995). It concerns two distinct situations. 

The first one, investigated in the past (Nakoryakov et al. 1981), is an upflow in a 86.4 mm 
diameter pipe, with superficial liquid velocities up to 1.06 m/s, and volumetric air qualities up 
to 0.18. The mean size of  the bubbles is of the order of 2-3 mm and the resulting void fraction 
profiles are of  the wall-peaking type. The measurements which were performed using an 
electrochemical method, show in this case that the modifications of  the velocity profiles are 
similar to those exhibited in figures 5 and 6. The logarithmic law is seen to persist in the range 
5% <cE < 10%-10% < ~p < 30%, with a slope which decreases more or less, depending on the 
magnitude of ~ = ~p - ~F. This supports the idea that the mechanisms are the same as for the 
plate and that the present modelling should apply. If we transpose the scaling analysis of 
section 4.2 to pipe flows, we find that the equations are basically unchanged. The difference 
lies simply in the fact that H, Cj in [8] [11] are replaced by their expression for pipes and 6 
by the radius R. The law of the wall thus obtained holds under the assumptions already stated 
(the velocity at the centre of the pipe is kept constant, and the void fraction in the core is 
low et < 1.5%). Its validity has not yet been checked against the data of Nakoryakov and 
Kashinsky. A priori we can expect a good agreement if the gravity forces are predominant for 
their flow conditions. Otherwise it is probable that the law has to be corrected to account for 
additional effects (see last paragraph). 

The second situation is a downflow in a 42.3 mm diameter pipe, with superficial liquid 
velocities up to 1 m/s and volumetric air qualities up to 0.15. ",'he bubble diameter is of  order 
of  1.5 ram, but contrary to the previous case, a typical void-coring distribution is generated. 
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Measurements indicate that the velocity profiles are flattened, though there is no gas at the 
wall. This means that the flattening is produced by the effect of  the bubbles in the external 
part of  the boundary layer. As in upflow, the persistence of  the logarithmic law is observed 
for EE up to 11%. However, the trends are inverted: the Von Karman constant is found to 
be unchanged when the profiles are scaled with U: (figure 12(a)), while the wake function 21-Ix/K 
is depressed significantly depending on EE. Such modifications are particularly visible in figure 
12(b), where the data have been replotted by the present authors in the corresponding defect 
form. They were already noted by Marid (1987a) in his analysis of the measurements of  Sato 
et al. (1981) and were modelled as being caused by the bubble-induced turbulence (the 
acceleration of  the liquid in the core was neglected). The remarkable thing is that [7], [9] and 
[10] remain valid for such a void distribution, provided that E~ = 0 or E, = EE. The latter 
condition can be considered as the correct approximation for incorporating the coring-effect 
in our model. Taking E, < eE would have no sense, since it does not yield the right logarithmic 
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scaling and wall shear stress (a decrease is obtained in place of  an increase). For constant 
free-stream velocity, the law of friction then becomes 

KJ~(-lt - 1 ) - I n ( t ) -  2 ( F P -  n ) = o  [12] 

in which the wake shift, H x - H, is the only quantity to be determined. It can be expressed using 
[20] of the reference above. 

At this level, it seems therefore difficult to derive a general expression for the law of the wall 
in bubbly flows. The reason is that it depends strongly on the void fraction distribution, itself a 
function of the size, the granulometry of the bubbles, the flow direction (upward, downward or 
horizontal) and to some extent, on the geometry. The difficulty was mentioned by Lopez de 
Bertodano (1995) in his attempt to obtain such a law, and is particularly obvious for the 
modification of the wall shear stress, where various tendencies are observed, according to the 
bubble size spectrum (Liu et al. 1993; Mari6 1987b). However, combining the two complementary 
cases associated with [10] and [12], provides a generalization of the initial approach, in which both 
the effects of  the wall-peak and of the bubbles in the core (bubble-induced turbulence plus 
acceleration Ut.E/UE) are included. The resulting law of friction is written as 

K / . UcE 
- ~ t ~ , ~ ( - s t )  - K( . I ; , -  s) - In(t) - 2(FP - H) = 0. 

~/ t  2 -- FR*Cx 
[]3] 

In this form, the law is likely to work for the void-peaking and void-coring situations reported 
here. Of  course, this has to be confirmed by a quantitative comparison with the data. One point 
is clear, [13] remains limited to the range where the logarithmic law persists. For downflow (figure 
12(b)) such a persistence tends to vanish as ~E increases above 10%, probably due to the complexity 
and the diversity of  processes involved (confinement effects, bubble interaction, other characteristic 
sca les . . . ) .  Thus, we may expect for cE an upper limit of  the order of  15%, and the same in upflow. 
In terms of bubble diameter, the modelling should be physically relevant for bubbles with a mean 
diameter say, between 1 and 6 mm. A more precise estimation is difficult. Over that range, we 
must keep in mind that the critical size for the transition between void-peaking and void-coring 
varies with the diameter of  the pipe (Kashinsky et al. 1995), in a way which has still to be elucidated. 
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As in single-phase flows, the nature of the wall surface (smooth or with roughness) is another 
parameter to be examined (see for example Takamasa and Kondo 1995, for the influence on the 
void distribution). Intuitively, the existence of a roughness k should not invalidate the choice of 
the matching velocity U~. (U" for the void-coring), but should produce its standard effect on the 
additive constant C, function of the ratio ~U./v. 

Eventually, it is useful to derive the relationship between K and K', the modified Von Karman 
constant, in figure 6. Simple substitution between [8] and [9] provides 

K' = K _ [14] 

~/ F~.Ex 
1 t2 

where t is determined by [11]. 
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5. SOME TURBULENT CHARACTERISTICS 

5.1. Longitudinal turbulence intensity profiles 

As shown in figure 13, the longitudinal turbulence intensity increases significantly in the presence 
of the bubbles. Such an increase is not systematic in pipe flows where, depending on the flow 
conditions, a decrease in the turbulence is sometimes observed (Serizawa et al. 1975; Wang et al. 
1987). Here, three distinct zones are observed on the profiles. In the free-stream and outer region 
(Y+ > 800), the increase in the turbulent kinetic energy, u(:, compared with its single-phase value, 
u6,:, is found to be proportional to ~UR (figure 14), suggesting that the pseudo-turbulence 
generated by the bubbles is the dominant effect (Lance and Bataille 1991). The proportionally 
factor is 1.4, which is slightly greater than the upper limit calculated with the potential theory of 
Lance and Bataille (1991). This difference may be connected to some extra production in the bubble 
wakes. Close to the wall (Y+ = 10-30), the higher intensity proves to be proportional to the 
two-phase friction velocity U: (figure 15), which implies that the mechanism prevailing in that zone 
is an enhancement of the wall production caused by the higher velocity gradient (see section 4). 
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As can be noticed, the location of  the maximum of the wall production remains unchanged. 
Surprisingly, no significant modification occurs in the intermediate region (30 < Y+ < 200), where 
the void fraction is maximum. In fact, measurements indicate that in this layer, the velocity of  the 
bubbles at y ~ £3B/2, is on average only slightly different from that of  the liquid (Moursali e t  a l .  

1995a), meaning that the pseudo-turbulence effects are necessarily weak. Under such conditions, 
the remaining mechanism is the increase of  the wall production by the bubbles. The fact that the 
turbulence level is not modified supports the idea that the dissipation process adapts itself to this 
extra-energy, or in other words, that the equilibrium production-dissipation is conserved. This is 
consistent with the existence of a logarithmic region and [5]. Indeed, according to the latter, 
--ULVL x ~ U~. 2 in this overlapping area, and since U~., is on average lower than U, we deduce that 
u~ ~ - ULVL X should decrease or at least remain constant over this area. 

The two mechanisms of  turbulence production which have been identified, prove to be 
statistically independent. This holds in the limited range of  flow conditions which has been 
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investigated. Obviously, when the void fraction in the outer layer is much greater, there is no serious 
reason for thinking that the same situation will persist. In such a case, the two processes will 
probably interact and compete with each other. In view of these findings, we now understand that 
a local decrease of the turbulence in the outer layer of  the flow, may directly result from the 
flattening of  the velocity shape in that region, leading to a decrease of  the shear induced turbulence. 
If  this decrease is larger than the increase associated with the pseudo-turbulence, then a global 
decrease of the turbulence level can be expected. This is the trend which appears in the logarithmic 
region of figure 13(a). However, the decrease is so small that it could be interpreted as the result 
of some measurement uncertainty. Nonetheless, it is more likely to have a physical meaning since 
it occurs for ULE = 0.75 m/s-- that  is for flow conditions where the flattening is particularly 
pronounced (figure 5) compared with the case ULE = 1 m/s. 

5.2. Mixing length 

From the previous sections, it follows that the concept of a mixing length is still valid for 
describing turbulent bubbly boundary layers in which the logarithmic law is preserved. Provided 
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that an adequate matching velocity, U~., is chosen, the mixing length, L, in the overlapping region 
keeps the standard single-phase proportionality to the distance from the wall (lx = KY). However, 
using U: in place of U~., as in single-phase flows, yields for the mixing length another expression, 
1', of the form K'  Y, where K'  can be considered as a modified Von Karman constant and deduced 
from [111-[141. 

In some experiments as for example in Serizawa et al. (1975), a mixing length, l,, is inferred from 
the longitudinal turbulent intensity and mean velocity profiles as 

,(dULV' 
lo = L -aY) " t15J  

As shown in figure 16,, the variation of lu calculated from our two-phase flow data is roughly linear, 
but given the significant scattering this cannot be considered as additional evidence of the 
persistence of the logarithmic law. 

Finally, it is worthwhile noting that the values of l '  inferred from the measurements prove to 
be in reasonable agreement (figure 16) with that derived by Kataoka and Serizawa (1991), and Sato 
and Sekoguchi (1975), using two different turbulence models. This is not the case for the model 
of Rice and Geary (1990) for bubble columns, which greatly overestimates the mixing length at 
the surface. 

6. CONCLUSION 

The first noticeable and quite unexpected result is the persistence of the single-phase flow 
structure. In particular it is found that an overlapping logarithmic region still exists close to the 
plate. However, the adequate velocity scale for describing that region is not the friction velocity 
as in single-phase boundary layers, but a velocity scale which accounts for the gravity effects caused 
at the surface by the peak of void fraction. The kinematic structure is thus unaffected whereas the 
local momentum transfer is significantly modified. The same qualitative behaviour has been 
reported for other types of bubbly shear flow such as a plane mixing layer or a sudden expansion 
(Lance et al. 1995). It must be kept in mind that these conclusions are restricted to the limited range 
of void fraction investigated and it would be dangerous to extrapolate them to flows with higher 
void fractions. 

Concerning the effect on the turbulence, the mechanisms which have been identified are those 
involved in most of bubbly flows, that is the modification of the shear induced turbulence and the 
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creation of pseudo-turbulence associated with the drift motion and the wake of the bubbles. These 
two basic contributions (which linearly superpose in the limit of vanishing void fraction in uniform 
bubbly flows (Lance and Bataille 1991) or in weak shear flows (Lance et al. 1991)) are well 
distinguished here. The first is predominant close to the wall whereas the second one prevails in 
the outer layer. However, it is expected that the two will interact at higher void fractions through 
complex non-linear phenomena. The investigation of this range of flow conditions would be 
particularly interesting and is our future objective. 
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