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Abstract—The skin friction and heat transfer in turbulent two-component bubbly flows in pipes are
modelled under the following conditions. The flow is assumed to be vertical, steady, fully developed and
to circulate in the upward direction. The modelling is based on two main arguments: first the persistence
of the logarithmic velocity and temperature profiles near the wall for low values of the void fraction;
second the similarity of the modifications caused by the bubbles on these profiles and those created by
a grid in a single-phase turbulent boundary layer. The form of the friction and heat-transfer laws derived
is in principle valid at low gas concentrations. However, comparisons with the local measurements
presently available in this fleld and with the correlations of Lockhart & Martinelli and Martinelli &
Nelson, show that the model works pretty well up to 0.2-0.3 void fractions.

1. INTRODUCTION

As a rule the problems of two-phase two-component friction and heat transfer are highly complex,
which results from the diversity of the mechanisms involved. As underlined by Collier (1972), the
flow pattern plays an important role, so that each flow regime is often considered and analysed
separately in the literature. Unfortunately, as pointed out by Michiyoshi (1978a) in a very complete
critical review of the heat-transfer studies, the local characteristics of these various regimes are not
always taken into account in such analysis and thus the influence of certain flow parameters is not
perfectly understood. Fully aware of this situation, several workers adopt an original point of view
and try to calculate the momentum and heat transfers in bubbly flows by modelling the turbulent
structure of the liquid. This is the case of Sato et al. (1981) and Van der Welle (1981). Both authors
write the equations governing the shear stress and heat flux distributions by using an eddy
diffusivity subdivided into two terms. One is for the inherent wall turbulence, the other for the
velocity fluctuations created by the bubbles. Sato chooses for the latter diffusivity a semi-empirical
algebraic form and approximates the equations by a finite-difference formulation. The velocity and
temperature fields are constructed by means of a numerical iterative method. The quantities to be
assigned in the program are: the pipe diameter, the liquid mass flow rate and bulk temperature,
the «-profile and estimated values for the wall shear stress and heat flux. The velocity and
temperature distributions are computed at each iteration. Finally, the liquid mass flow rate and
bulk temperature are deduced and compared with prescribed values. The process is repeated, until
consistent velocity and temperature fields are obtained. Van der Welle solves the shear stress
equation in a reverse way. The velocity gradient at the surface is first determined by a simple
method, well-tested in single-phase flows, but whose extension to gas-liquid flows is somewhat
questionable. The value obtained is then substituted in this equation. The eddy diffusivity
associated with bubble-induced pseudo-turbulence is derived by identifying the resulting expression
with available experimental data on two-phase frictional pressure loss.

The present paper deals with steady fully-developed upward bubbly flows in vertical pipes or
channels. It proposes a rather different approach based on a local turbulence description. The latter
is supported by the detailed measurements of Lance & Bataille (1982). In turbulent flow, any
alteration of the skin friction drag or heat diffusion can be detected by a change in the velocity
and temperature profiles within the boundary layers. In this perspective, it is therefore worth
knowing whether the bubbles can originate such a change by influencing turbulence and whether
the latter change is significant. There are presently a few experimental studies which enable us to
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answer this question. Measurements by Sertzawa et al. (1973) clearly indicate that in a low-quality
upward bubbly flow in a pipe, the normal 1,7 power velocity profile is modified. The velocity near
the pipe axis is hardly affected, but as one moves towards the surface, the shape becomes flatter,
which results in more important gradients at the wall. This difference with turbulent single-phase
flows is confirmed by various authors, such as Ohba er al. (1976) and Sato et al. (1981). The data
of the latter authors are particulary interesting because they are the only ones to be plotted in the
standard non-dimensional form U/U* = f(Y_). In this form, it is noted that the logarithmic
distribution persists with its usual slope and constant, whereas the initial wake function is strongly
depressed. Now the same behaviour is observed in a single-phase turbulent boundary layer
submitted to the action of a grid (Hancock 1980). It is tempting to conclude that the mechanism
by which the profile is modified is connected with an increase in the external turbulence, as for
the grid. We use this analogy and our knowledge of bubble-induced pseudo-turbulence to develop
a simple model which predicts the resulting increases in the friction and heat-transfer coefficients.
The efficiency of this model is validated by comparison with a few experiments and correlations.

2. BASES OF THE MODELLING

The bases of the modelling are now examined in detail. Figure 1 shows the velocity modifications
caused by the bubbles, according 1o measurements by Sato er al. (1981). Very close to the wall,
the void fraction is rigorously null which means that this part of the flow is entirely free of bubbles.
As a consequence, the viscous sublayer still exists and here the velocity is given by the well-known
linear velocity distribution

X *
o _rvc_ 0]

Ut VL

where subscript L = liquid, Y = distance from the wall, v = kinematic viscosity, superscript * =

friction scales
<U§ = H(?_QL_) = new friction velocity)
dy y=0

and the operator —x denotes the usual phasic average (Ishii 1975).

Above the sublayer, the void fraction increases up to a maximum by a mechanism which is still
not completely understood. Due to the presence of the gas, the standard logarithmic profile is
translated downward, indicating that the turbulence moves nearer to the wall. However, at low
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Figure 1. Mean velocity and void fraction profiles (Sato er al. 1981) in an upward bubbly flow in a pipe;
—~—-—, single-phase flow.
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Figure 2. Defect velocity profile drawn from the data of Sato er al. (1981); ——, single-phase flow.

air qualities (figure 1) the translation is so slight that it is negligible. Therefore, we can consider
that the velocity is still governed by

[

-U—E=ElnY++C, [2]
where K and C stand for the usual constants. To the contrary, a significant change is exhibited
in the core region. The wake function is strongly depressed, as also happens in a turbulent
boundary layer submitted to an external turbulence (Hancock 1980). The result is that the wake
strength IT, [defined by Coles (1956)] in the logarithmic defect law is depressed too and becomes
negative (figure 2). The corresponding shift_of the velocity profile can be written as

[ 211,
L S -t
Ut kTR
where IT is inferior to the value IT without bubbles. Superscript O refers to the pipe axis and
is the ratio of Y to the pipe radius R. By analogy with the velocity, we expect in this region a similar
effect on the profiles of temperature and, hence, equations in the form

(3]
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where subscript W = wall, subscript 8 = temperature, K;, C, = constants in single-phase flows
I = new value of the wake strength IT, (J1,, < IT,) and 0} is the new friction temperature defined
by

dw
PLipL vt

in which ¢ = heat flux, p = density and c, = specific heat. Under these conditions, the laws of
friction and heat transfer, respectively, read

72 A I [CF, vifl
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where CF = friction coefficient. Re = Reynolds number based on the velocity at the centre of the
pipe, Pr = laminar Prandtl number, Nu and St = the Nisselt and Stanton number. respectively.
The term on the r.h.s. of [8] is a general expression for the Reynolds analogy factor (Simonich &
Bradshaw 1978). It depends on Pr_ through C;. At this level, it is clear that the determination of
the two laws is equivalent to knowing the strength [T, and [I,_ related to the wake change caused
by the bubbles. So as a first step, we need to find the parameters which they depend on. For that
purpose, an extension of the dimensional analysis valid for turbulent wali-bounded shear flows
(Tennekes & Lumley 1972) is used. This extension is presented in detail in the Appendix. It leads
to the following conclusions. First. in the core of the flow, there is a subregion located away from
the pipe axis and close to the outer edge of the wall layer, where the action of the bubbles on the
wall turbulence is described by two adimensional groups L§/R and 43/U}; superscript s stands
for the subregion and subscript B for the bubbles, L} is the integral length scale of the eddies
generated by the wall. By their kinetic energy, the bubbles tend to break these large eddies and
hence to reduce their size. Therefore, L} is probably smaller than in single-phase flows; @} denotes
the velocity scale of the fluctuations created by the bubbles. Second, the defect velocity profile in
the subregion is expected to be given by a similarity law of the form

v - Ly i@
...LT.L__—. <r,, RB’ UE‘> 9
L L
As a result, a matching of this profile with that, unaffected, of the inner layer necessarily implies
L i}
. =1 ,
=11 ( R U;f) (10]
and, by analogy,
- /TS S
B HUs
n9L=neL(72—,ﬁ). [

The previous relations suggest that the basic mechanism responsible for the wake change is the
increase in the velocity fluctuations created by the bubbles. This is not surprising from a physical
point of view. As a matter of fact, the momentum transfer being enhanced, it means that the mean
velocity profile becomes flatter and subsequently, its wake component progressively vanishes. Such
a behaviour is very similar to that observed when a grid turbulence is generated outside a
single-phase boundary layer. This analogy incites us to identify the action of the bubbles with that
of a fictitious grid, with a random mesh, which would increase the turbulence in the outer layer.
Unfortunately, the data presently available in the field of bubbly flows are too incomplete for the
functional dependence of IT; and 1, on their arguments to be specified. The original idea of this
paper consists of using the above-mentioned analogy, and hence the results relative to single-phase
flows, to estimate these unknown functions. The first data concerning the effect of a free-stream
turbulence on a boundary layer were reported about 20 years ago in the pioneer work of Kestin
et al. (1961), and later in the studies of Charnay et al. (1971) and Bradshaw (1974). Since then,
more detailed information has been published by Simonich & Bradshaw (1978), Hancock (1980),
Blair (1983) and Castro (1984). Hancock’s experiments, which are well-documented, were
performed in a turbulent boundary layer on a flat plate, beneath a nearly homogeneous isotropic
grid-generated turbulence. His results clearly indicate that the existence of external velocity
fluctuations initiates and increase in the skin friction, in proportion to the scale 4, of these
fluctuations, but also on the integral length scale L, “‘impressed” on the outer layer by the
turbulence. This influence of L, was not examined in the previous works. The same behaviour is
quoted for the heat-transfer coefficient (Simonich & Bradshaw 1978; Blair 1983). In both cases,
the increase is related to a depression of the wake strength on the corresponding logarithmic defect
profiles. Neglecting the Reynolds number effects, this may be represented by the adimensional laws

of the type
L.
=I5, = 12
n=m(%.5%) 12)
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and

L ﬁc a
nec_n*( w), [13]

where subscript e denotes the external grid turbulence and & the boundary layer thickness. The
parameter range covered by Hancock’s study is %, /U, < 0.07, where T, = external mean velocity,
0.7 < L./6, <4.9 and Re; > 2000, where Re; = Reynolds number based on momentum thickness
5’. In this range, the skin friction increases in a roughly linear way and then rapidly begins to
saturate. As noted by Castro (1984), the data suggest that the saturation process is probably due
to the persistence of the “log-law” which restricts further change in the mean flow properties, above
a certain turbulent intensity. Accordingly, [12] and [13] can be expected to be valid in bubbly flows
provided that L./d, is replaced by L3/R and &/U#* by a3/U¢ . Then the modelling becomes simple.
Knowing J1, and IT,,, the two terms to be expressed are Lj/R and @3/U¢ . They can be determined
by means of the experimental results of Lance ez al. (1984) and Michiyoshi & Serizawa (1985). In
a second step, it is necessary to check that the form of T, and IT, obtained by substitution of
the variables is consistent with measurements by Sato ez al. (1981). The final step is the derivation
of the laws of friction and heat transfer and their comparison with experimental data.

The laws of variation of the wake strength [T, and I, are not reported in the literature.
Consequently, they must be inferred from the experimental curves describing the increases in
CF,/CF and St,/St. To do that, we need a priori two relations, one between II, and CF, /CF and
another one between IT,, and St./St. But, as proved by Blair’s (1983) study, the wake depressxons
observed on the velocity and temperature profiles are quantitatively similar, whatever the intensity
of the free-stream turbulence generated (i./U, < 0.06). Thus,

2
ATy, =% (o, = I1;) ~ AIL; [14]

the second relation is in fact useless. From the friction laws, with and without external turbulence
(Bradshaw 1974), one can show that for boundary layers with the same U*d/v,

CF. CF

~l—=(l,-I 1
et - (T~ TT) [15]
The second term on the r.h.s. is typically of the order of 0.2, so that
CF CF,
= —— 16
( CF )L—'i const 1 (H H ) 2 [ ]

In most experiments, CF,/CF is measured at U,6'/v const. As indicated in figure 3, a significant
scatter exists in the experimental data. For the sake of simplicity, it is chosen to approximate the
trend exhibited by Hancock’s data by a straight line, the equation of which is

CF. 14 &
<CF>@W~ Lw (7]

5. 12
Such an approximation is relevant because it includes the aforementioned saturation process. The
latter occurs when FSTP > 1. FSTP stands for the free-stream turbulence parameter introduced
by Hancock to correlate his data. The question is how to connect {16] with [17]. Robertson & Holt’s
(1972) measurements suggest that the correlation between the change in the boundary layer
thickness and the change ACF in the skin fraction coefficient can be roughly fitted by

S

5 ACF

—~1415

50 * < CF >lsd-'const [18}

95
fﬁr i./U. <0.06. Bradshaw used this correlation to convert the increase of skin friction at const
U.5 /v, given by Charnay et al. (1971), to an increase at const U.5’/v. Following his method, we
find that the coefficient of proportionality in (CF,/CF)g,., is smaller by 15/4 than for the ratio



314 J. L. MARIE
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The accuracy of such a conversion is of the same order as for correlation [18], i.e. about 10%. In
addition, Bradshaw demonstrated that the difference between the skin friction ratio at U,8/v const
and its value at U*8/v const remains of the order 0.1, i.e. of the same order as the measurement
errors. So, we can identify [16] and [19] and write, within 10-20% error,

at constant U,0’/v, that is

504
Ur

AL =% (1~ )~ - [20)
=+2
Since AII, and hence All, are known, the corresponding increase in Stanton number can be also
calculated. According to [8], the Reynolds analogy factor is expressed by
K,
St, K

CF, |y [CF.(Cako— CK + 211, — 211, '
2 2 K

Defining the quantity p, by
_GoKy— CK +20,-211

(21]

and substituting [15] in [21] yields, to the first order in All,, All,,,
_ K6
St, K
CF.~ CF CF CF ; 23]
-_C 1 — AH _ - <
> +r |5 +[ e AH,(H—p, 2):} / 5
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Figure 3. Experimental evolution of ACF/CF. FSTP = 100 @,/U, (L,/8,+ 2). Solid symbols, Hancock’s
(1980) measurements; open symbols and x, other author’s data; (§9), data of Charnay et al. (1971); —,
Hancock’s correlation curve.
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Arguing that the second term in the denominator is negligible with respect to unit and retaining
only the first order in ,/CF,/2, we get

AlT CF, -
St, (St ~1-fam e — 2T . [25]
St L9 const St Z-TQconsz CF 2
’ 1+ p, 5

The equality between the wake strength variations ([14]) implies

1+2 cF
2y 2 | [CF,
X iooam | —2Y 2 , [26]
St I‘L—vﬁconsl [+ CF 2
Pe T
which is equivalent to
F
1+ SR
(Stc> 10 2y 2 |4, 7]
St Jrseons L CF |U. i

We have now all the necessary elements for the laws of friction and heat transfer to be derived.

3. DERIVATION OF THE LAWS OF SKIN FRICTION AND HEAT TRANSFER

The main difficulty is the modelling of L}/R and #3/U}. Recent data obtained by Michiyoshi
& Serizawa (1984) confirm that L}/R decreases as the void fraction a increases. This is evidence
that the large eddies are broken into smaller structures by the bubble agitation effect. Un-
fortunately, due to the important scatter of the data, it is difficult to find a law which characterizes
the a-dependence of the integral length scale. As a first approximation, the decrease can be roughly
considered as linear and represented by

L} .
=~ 1 —3as [28]

In fact, the dependence is probably more complex and should perhaps include other parameters,
such as the ratio between the bubble diameter and the pipe radius. Without any additional
measurements, more assertive conclusions cannot be drawn. Thus [28] is adopted.

Regarding the turbulence, the experiments of Lance & Bataille (1982) exhibit an important fact.
They prove that the amplitude of the fluctuations created by the bubbles is strongly determined
by the intensity \/u? of the fluctuations existing in the liquid before the air injection. At low
turbulent intensity, Lance et al. (1984) show that it is possible to calculate this amplitude from the
velocity field around an isolated bubble. They find that in the longitudinal direction

NN 29]

where k(0.8 <k < 1.4) depends on the value of the parameters governing the trajectory of the
bubble and Ty denotes its relative velocity. For certain applications, it is convenient to adopt an
average value of k. We see in figure 4 that the choice k = 1.1 fits quite satisfactorily the fluctuations
measured by hot-film anemometry (Lance & Bataille 1982) or LDA (Marié 1983). In theory, [29]
is only valid for very low void fractions. As a matter of fact, it does not account for the
hydrodynamic interactions between the bubbles, which would involve an additional term of order
. Nevertheless, the experiments of Aoki (1982) and Michiyoshi & Serizawa (1984) show that the
contribution of this term to the total bubble-induced pseudo-turbulence remains rather small up
to gas concentrations of 10%. Assuming, in order to simplify, that the fluctuations generated by

MF. 13;3—C
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Figure 4. Turbulent intensity in the presence of bubbles:
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Solid symbols, measurements by hot-film anemometry; open symbols, LDA measurements; ——, [29] with
k=11 U, =025cms.

the bubbles are quasi-isotropic, it is then possible to take i} equal to \/ZF; and express ugp/Uf as

iy TR
— = ko’ —.
Ut Ty [30]
Substituting [28] and [30] in {20], we finally obtain
2 5 Uy
All, =2 (T, — M)~ = [T 12 =R~
Y A (RO N a

Let us see if this equation is consistent with the measurements of Sato et al. (1981). The values
of the flow parameters corresponding to figure 3 are J; (superficial velocity) = 0.5 m/s, x*=0.13
and Ut =0.038m/s. There is no indication of the value of the slip velocity. However,
T% =0.18m/s seems to be a reasonable estimate, considering the experimental conditions. The
shift in the wake strength calculated from these data is AIl, = —3.8, while the value determined
from the velocity profile is —3.2.

The agreement is quite good which tends to prove that the assimilation of the effect of the
bubbles with that of a grid is physically relevant. This is an argument to write the resulting laws
of friction and heat transfer. Replacing All, by AIl, in [16] and [26] gives

CF, 10 Uy

~l e Sl =R 32
CF i)Y T (321
and
CF
St TN %
ALY | Jlas =, 33
S + o T {33}

31 —2%) ICF
I+p. -

At this level, it must be stressed that [17] and [29] are expressions whose validity is experimentally
established over the respective ranges ,/U, =0 — 0.07 and « < 0.10. For this reason, and due to
the approximations introduced in the derivation of [20] and [27], [32] and [33] are expected to work
a priori better at low values of the void fraction. To discuss this point and illustrate the efficiency
of the model a comparison with experiments is now presented.

4. COMPARISON WITH EXPERIMENTS

Since the model takes into account the local properties of the flow, it is appropriate for the
comparison to choose the experiments in which the local increase in skin friction and heat transfer
is measured. Such experiments are not numerous in the literature.
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4.1. Skin friction

Quite recently Souhar (1979), carried out an experimental study of the local wall §hear stress
in bubbly and slug regimes. The flow is circulating upward through a 44 mm i.d.. vertical tube at
atmospheric pressure and a regulated temperature of 291 K. The gas is axially injected through a
conic mixer placed at the bottom of the tube. All the measurements are performed by means of
a polarographic method (Lebouché & Cognet 1967) in a section located at Z ,r’D.= 120
(Z = streamwise coordinate, D = pipe diameter). At this distance, one can agree with Hemng_e &
Davis (1976) that the flow is developed. The increase in wall shear stress is measured at various
superficial liquid velocities J; between 0.15 and 1.35m/s and various gas qualities X between
0.27-10* and 0.0263. The main difficulty when trying to compare these measurements with [32]
is to find how to relate the local variables ff"—‘, «* and Tﬁ: to the control parameters J; and X.
Concerning the liquid velocity, the data of Serizawa et al. (1975) prove that at low . gas qualities,
7‘{‘ is equal to U® or sometimes lower. Consequently, it is reasonable to assume U ¥ ~J.. For
the void fraction, the problem is more complex. Indeed saddle-shape or power law void fraction
distributions are observed according to the investigators and their inlet geometry.

In the saddle-shape pattern (figure 1) the void fraction profile exhibits a peak near the wall at
a Y/R location of about 0.1-0.3. This coincides precisely with the location of the subregion
previously referenced by the superscript s, so that

as:_-_ai::xpeak, [34]

In the second pattern, Van der Welle (1985), in agreement with other authors, shows that the gas
distributions are well-fitted by

.= am(l _%); [35]

1 1 1 r\s

where the operator { ) denotes the cross-sectional average. As a result,

a5=a3~<a>%<1+%><2+%)0.2i. [37]

There is considerable scatter in constant n since it may vary from 0.1 to 7. Choosing an average
value n = 3.5 yields a3 = 0.93C« ). Thus, «} > %3 and it follows that the distinction between the two
patterns is essential. Unfortunately, in most experiments presented here, information about the
shape of the void fraction profile are missing or incomplete. In particular, when a saddle-shape
exists, the value of a,,, is not systematically given. Under those conditions we have no other
alternative but to take a* = (a >, whatever the gas distribution, and to keep in mind that this choice
is appropriate to power law « profiles. Having outlined this, it remains to express Uy . For 1-D
vertical upward bubbly flows, Zuber & Hench (1962) propose to use the relationship

Ty =U, (1 —a), 38)

where U, is the terminal velocity of an isolated bubble rising in an infinite medium and (1—a)?
is a corrective term to take into account the bubble interactions. From all these arguments, we
finally get

or, equivalently, by

CF, & 10 ST
EE~T~1+3(1_—<1>) 1-1<1>(1—<d>)f, (39]

Tw
where 1y, is the wall shear stress.

In Souhar’s experiment, the gas injected is nitrogen and the liquid is an electrolyte which has
the same physical properties as pure water. No information on bubble size is given. However,
according to the nature of the injection system and the range of liquid flow rate, one may estimate
their mean diameter to be of the order of 3-5 mm. Under such conditions, the terminal velocity
of these bubbles is probably the same as for equivalent air bubbles in water, i.e. U, = 0.25 m/s (Clift
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Figure 5a. Evolution of Ty["7y. Symbols — Souhar’s (1979) measurements; Jo=08m/s (A).
Ju=108m/s (@) J =135m/s (M). Curves —~ predicted values, L', = 0.25m;s.
Figure 5b. Evolution of #y["/%. Symbols — Souhar's (1981) measurements; Ju=05m/s (A).

Ju=15m/s (@) J_=2.5m/s (M). Curves — predicted values, U,=025ms.

et al. 1978). The calculation of 7y /7w with this value yields the curves in figure 3a. The symbols
represent the results of Souhar after the gas quality X has been converted into {«)> by the Wallis
(1969) relationship

v = pa(o) Ui+ (1 = () Tx ]

[pe (1 = <2) + po (e WL + pa (1 = (N Tr
Roughly speaking, the agreement between the measurements and the prediction is not too bad.
The curves and the symbols are pretty well concentrated around an average value Ty /Ty = 1.3.
However, the real tendency is not perfectly reflected by the prediction. Souhar finds that the wall
shear stress ratio rises sharply, reaches an asymptotic level and sometimes decreases while.
according to our theory the increase in turbulence and hence in wall shear stress, is much more
gradual and continuous. In fact, these behaviour differences are not difficult to understand.
Souhar’s measurements correspond to flows with saddle-shaped void fraction profiles for which
[39] is not very well adapted. The proof is given by additional data obtained later (Souhar 1981)
using the same facility, equipped with an annular wall injection. Measurements of the local void
fraction are then systematically presented. They reveal the existence of the peaks and specify for
ceach of the experimental conditions investigated the value of ., . Thus calculation of Ty;" /Ty by
taking a® = ,,, is possible. It gives the curves in figure 5b. No deviation occurs, as in the previous
case, and the agreement is good even at the highest values of the void fraction. The only significant
difference is that noted at J; = 0.5 m/s. Indeed, beyond {« > = 0.15 measurements exhibit a decrease
in skin friction which is not predicted by the model. As a rule, such a decrease is observed for
superficial velocities < 1.5 m/s (see figure 5a). Over this range “*blocking” effects are important and
when the gas flow rate exceeds a critical value, recirculations are generated near the wall by the
gradients of concentration. The transition to slug flow begins to take place. The negative wall shear
stress fluctuations which result, cause the decrease of the algebraic average Tyy . Such a
phenomenon has been disregarded in the present modelling.

It is also possible to compare {39] with some global correlations. Of course, such correlations
are known for sometimes exhibiting important deviations from experimental data. Thus, they
cannot be considered as accurate enough for a reliable validation of the model. However,
comparison is interesting because it illustrates the superiority of the present approach regarding
the correlations universally used by engineers. Among these correlations, the most famous one is
certainly that proposed by Lockhart & Martinelli (1949). Following their approach, the frictional
pressure gradient (dP, /dZ)¢ in two-phase flow is obtained by

dP. ,(dP
= Il 41
( dz >F (pL (dZ>FL’ [ ]

where (dP/dZ ), is evaluated for the liquid flowing alone in the same tube and with the same flow
rate as in two-phase flow; @} is called the Lockhart-Martinelli factor. The momentum balance for

[40]
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Figure 6. Comparison with the Lockhart-Martinelli correlation: ——, predicted values, U, = 0.25 m/s;
(1) /,=0.82mys; (2) J =1.08my/s; (3) /. =1.35m/s; (4) J_=2m/s.

a pipe flow involves that

dp, =4 TwiL [42]
dZ /e D
and thus
o1 =" [43)
Tw

The increase in wall shear stress can be calculated from [39] provided that the turbulent Reynolds
number Ref = Uf R/v, is high enough. For most pipe diameters, this condition is equivalent to
assuming that the liquid and the gas are both turbulent. In this case &7 is denoted by &, and
generally approximated by

20 1
(D%.u"’ 1 +7+x_3s [44]
[44 13
where
0.25 _ 175
Za = (ﬂ) <1_.~X> BE, [45]
Mg X pL

Subscript G = gas and p is the viscosity.

The comparison of [39] with [44] is shown in figure 6. The parameter y, has been substituted
for (z) by means of [40]. Quite a correct agreement is observed especially at J; = 1.35 m/s. Above
and below this value, the prediction significantly deviates from the curve @,. This influence of
the superficial velocity is still more obvious when considering the correlation of Martinelli & Nelson
(1948). The latter is an adaptation of the previous method to steam~water flow. The frictional
two-phase pressure drop (dP, /dZ) is expressed from the frictional pressure drop of the liquid
flowing alone in the tube with a flow rate equal to the total flow rate of the two-phase flow:

dP"\ _ ,[dP
(az ):‘%(Ez)m' [46]

The relationship between ®} (Martinelli-Nelson factor) and &}, reads

i =(1-X)"" &i,. (47]
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It is convenient here to introduce the mass velocity

G =pcJo+pJt (48]
and to replace Uy = U (1 — (x>)'? in [39] by
o Up
=—22 U,
TS e
where Up is a drift velocity. Then we get
—US_RX pLUp -
7. G- x) (591
and <« can be eliminated by using the drift flux model proposed by Zuber & Findlay (1965):
X
{a) = 7 (5]
C{X—Hl —X)f’E}LpG D
PL G

where C, is a constant.
Thus [39] becomes a function of G, pg, p., Up and X only and &3 can be calculated at various

pressures and mass velocities. The possible values for C; and U, are reported in Wallis (1969).

Taking C;=1 and

L

6g(pL — Pg)

pi
where ¢ = surface tension and g = gravity, yields the curves in figure 7 for P = 68.9 b. The straight
lines represent the variations of @3 according to Martinelli & Nelson and the homogeneous model

1+X<ﬂ—1>l 1+X<f‘£—1>
Pc Ko

We note that the theoretical curves coincide with the Martinelli-Nelson correlation when G is small
and that they lie close to the homogeneous model as G increases. Now it is known that this model
provides more accurate pressure drop estimates in the higher mass velocity ranges
(G > 2000~2500 kg/m?s), while the correlation gives better results in the lower mass velocity range
(G < 1000 kg/m?s). We conclude that the mass velocity is an important parameter whose influence
is well taken into account in the present model.

Up=1.53 : [52]

Iy
3

o; = [53]

500 kg/m?s
- ~=68.9 bar
15 G
1000 kg/mzs
2
Qo
~ 2
2000 kg/m?s
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Figure 7. Comparison with the Martinelli-Nelson correlation (1) and the homogeneous model (2);
—-—, predicted values.
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4.2. Heat transfer

Regarding heat transfer, comparison is made with the data obtained by Bobkov et al. (19_73)
in a gas-water pre-mix flowing upward through a 28.9 mm dia vertical pipe. The measuring section
is located at Z/D =66 and hence the flow may be considered at almost developed. The
temperatures in the gas-water mixture and at the inner surface are determined by means of
Chromel-Alumel thermocouples having junctions 0.2mm dia. The uncertainty of the mea-
surements is estimated to be <0.1°C. The nature of the gas, the size of the bubbles and the Prandtl
number are not specified. So we suppose that the terminal velocity of the bubbles is of order
0.25m/s and that Pr is close to 7. Having underlined this, the calculation .of the heat transfer
increase is performed with the same approximations as in section 4.1, that is

p. |CF

1+

Su_h 10 2V 2 ,/1.1<a>(1—<a>)%i, [54]
L

St A 3(1 = <a)) \/CT?
[+ p, 7

where h = heat-transfer coefficient and CF is determined by the classical formula

-
cF 0.0395 (ﬁ£> , [55]

2 Ve

while p, is evaluated by taking K = 0.41, K; =0.47, 2I1 /K = 211,/ K, = 0.65, C = 4.9 and C, under
the form suggested by Kader & Yaglom (1972):

Co=125Pr}+2.12InPr—5.3. [56)

The corresponding curves are shown in figure 8. The symbols denote the experimental data.
These data were initially plotted vs the volumetric quality 8. The latter has been changed into («)
by using the Wallis correlation. The agreement between experiment and prediction is satisfactory
which makes any comment pointless. It clearly demonstrates that the model works well up to void
fractions of order 0.3, which was unexpected a priori owing to the limitations of our model.

From the curves in figures 5a, b and 8, we deduce that St, /St as Ty /Ty increases significantly
even when (x) is small, exactly as was observed by Lance & Bataille (1982) on the turbulent
intensity. On the other hand, the fact that for {a) const the increase is greater for the low values
of Ji is connected with a similar effect on the turbulence whose explanation can be found in the
same reference. _

Measurements of local heat transfer have been performed more recently by Michiyoshi (1978b)
in an upward air-water flow through a vertical annulus in bubbly and slug regimes. The test section
is composed of two concentric cylinders whose diameters are 12 and 52 mm. The inner wall of the
annulus is the only one to be heated. Two cases are dealt with: (a) air is mixed with the water stream
at the inlet of the annulus; and (b) air is injected into the water stream through small holes at the
heater surface. In both configurations the measuring point is located at a distance Z = 1.8 m
downstream from the inlet of the test section. The bubble diameter is 3 mm and the Prandtl number
is equal to 6.56 in case (a) and 7.19 in case (b). Because of the geometry, the calculation of St /St
from [54] seems to be difficult here. Nevertheless, the difficulty is overcome when one considers the

2

Pr=7
-
L]
f:‘-) * v__.__—-—-——'_’"'—’__
~ / ——
o . /
brd '.‘_/’v;:—'——l
1 | J
o} 01 0.2 03

<a>

Figure 8. Evolution of St /St. Symbols-~measurements of Bobkov et al. (1973); J . =0.52m/s (@),
JL=071m/s (W), J_=1.04m/s (A). Curves—opredicted values, U, = 0.25m/s.
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i Pr=7
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Figure 9. Evolution of St /St. Symbols [case (a) = solid symbols, case (b) = open symbols}—Michiyoshi's
(1978b) measurements; J; =0.64m/s (@Q), J =0.88m/s (W), Jo=114m's (AA). Curves—
predicted values, U_ = 0.25 m/s.

flow along the inner cylinder as a turbulent boundary layer on a flat plate. Then, referring to

Schlichting (1960), CF is given by
<7 X |
F 00296 (.U—L—Z> , (57]
Vi
whereas p, is determined by taking 211 /K = 2I1,/K, = 2.35. The result is the curves in figure 9. The
symbols represent the data of Michiyoshi (1978b). As in Bobkov er al. (1973), (x) has been
substituted for the volumetric quality §.

We note that the theory provides values which are generally lower than the experimental data.
This is explained by three different reasons. The first is obviously the simplication introduced in
the calculation by approximating the cylinder by a flat plate, but this is not the most sensitive. The
second is the error made by neglecting the void fraction peaks. Here we know from measurements
that such peaks exist and that there amplitude is larger in case (b) than in case (a). This is precisely
why the heat-transfer coefficients in figure 9 are larger in case (b). The last reason is that the flow
is certainly more complex than expected which, according to Fernholtz & Vagt’s (1981) obser-
vations, could be due to the existence of extra phenomena, such as swirling effects, tridimensionality
of the boundary layers, separation, a.s.o. Under such conditions, it is not suitable to emphasize
the discrepancy between prediction and experiment.

5. CONCLUSION

Through an original approach, we derive the laws of friction and heat transfer for turbulent
two-component upward bubbly flows in vertical pipes. This approach is essentially based on
turbulence considerations. A simple model developed within this framework provides the increase
of drag and heat-transfer coefficients for arbitrary values of the Prandt! number, the mean void
fraction ¢z) and the mean velocities of the two phases. Comparison with experimental data
exhibits fairly good agreement up to void fractions of order 0.3. Such a model could still be
improved if the action of the bubbles on the integral length scale of wall turbulence were better
evaluated. For that purpose, it would be essential to dispose of detailed measurements in which
the influence of the void fraction, the bubble diameter and the pipe radius would be systematically
isolated and analysed.
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APPENDIX

Extension of the Usual Dimensional Analysis for the Core Region

Let consider the momentum equation in the longitudinal direction. For a steady fully-developed
two-phase flow, it reduces (Drew & Lahey 1982) to
1 drﬁ‘ 1d

0= — ™ iz 4~ pp rli—(l—:()m‘-i-vL(l—x)

where Z = axial coordinate, r = R — Y = radial coordinate, T’Z( = phasic average of the pressure
and u_ v, = phasic average of the Reynolds stress. Elimination of dP_'/dZ and integration from
0 to r yields

)

d;“ }g(x—a), [A.1]
p

4T . ,
~( =) T+ v (=0 = =~1U:-+g<z>i—§ ar dr, (A2]
R 2 rl

where (a) is defined by (a) = 1/nR* jo 2nr 2 dr.
In the core region, the viscous stress is negligible and {A.2] is approximated by

’

—x T ro g
~(l =)W = = UF+g(a) o == | ardr [A3]
R 2 rl

We deduce that (1 — %) 7 0, — U¥* in the limit as r - R. In other words, there is a subregion

located approximately between r/R =0.7 and 0.9, i.e. at the outer edge of the wall layer, where

T v, is likely of order Uf*. Unfortunately, we have no explicit information on UL itself within

this subregion. So we must examine another equation, e.g. that describing the turbulent energy

budget in the boundary layer. According to the formulation by Lance ez al. (1979) this equation
is expressed by

AT - _« 1d DLtL | gty )
—(l = 2)ugry er +Py=(l—2a)¢ +;ar (1 —a)( o +=5" [A4]

The turbulent kinetic energy, called g, has mainly two origins. One part is generated by the
Reynolds stress —u.z, . The other part is produced by the bubbles. This production, whose rate



MODELLING OF SKIN FRICTION AND HEAT TRANSFER 323

is denoted by Py, involves two mechanisms. The one is associated to the bubble wakes, the other
to the acceleration of the liquid surrounding the interfaces. When the bubbles have reached their
terminal velocity, which is the case here, both mechanisms are steady and it follows that Py is
constant. Moreover, as observed by Lance er al. (1985), Py is exactly balanced by the rate g5 of
viscous dissipation which occurs in the boundary layers around the bubbles and in their wakes.
This suggests that the total disipation rate & is the sum of two statistically independent
contributions, respectively &" and the viscous dissipation rate ° of the structures generated by the
stress —u vy . From these arguments, we can write
—x e .
—(1~a>m‘%=(1fa>2f+}§;r(l—a)(‘ﬁ—”i#““). [A.5]

PL 2

In this equation, as in [A.4], the viscous transport of 1/2 g has been neglected. Consequently, we
disregard the case where the turbulent Reynolds number is low. Having underlined this point, we
estimate the order of magnitude of the remaining terms in the forementioned subregion. We know
from [A.3] that the Reynolds stress —# v, and hence the kinetic energy that it produces, is of
order U}*. Let us define L} as the length scale of the eddies containing this energy and i} as the
velocity scale of the fluctuations created by the bubbles. We may expect € to be of order U¥* /L3
and g, of order U#* + &y”. Then the transport term (on the r.h.s. of [A.5]), which is of order qt*R
times g, must be of order (U#*+ i§)**/R. Since the bubbles tend to break the large eddies, Ly
is likely to be smaller than its corresponding value without gas, i.e. smaller than the pipe radius
R. Thus in the sub-region, the action of the bubbles on the wall turbulence is described by two
adimensional groups L}/R and 43/U¥. We conclude from [A.5] that the mean velocity gradient
must also depend on these groups. By integration we deduce that the defect velocity profile in the
subregion must be of the form

A
L - F F( B uB)‘ [A6]

Ut = 1, -RT‘)'U_t



