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Abstract—Film flow data from complete data sets (i.e. those which have pressure gradient, film thickness
and film flowrate) have been compared with three velocity profile correlations from the literature. The
double velocity profile method was found to best represent the data. Velocity profile data in the core region
of low-pressure air/water dispersed annular two-phase flow have been successfully correlated. A
logarithmic law has been developed by making all calculations relative to the liquid film/gas core interface.
The nondimensional velocity profile depends explicitly on the nondimensional distance from the interface,
the entrainment and the nondimensional film thickness. The correlation correctly models the “lami-
narization” of the velocity profile with changing flow conditions. Qualitative comparisons are made with
high-pressure steam/water two-phase flow velocity profile data.

INTRODUCTION

Because annular two-phase flow occurs so frequently in so many industrial situations, much time
and effort has been expended in the development of mathematical models of this flow regime so
that dependent variables such as film thickness, film flowrate and pressure gradient can be
predicted. Various aspects of annular flow have been discussed in many publications (e.g. Hewitt
& Hall-Taylor 1970; Wallis 1969). In this paper it will be assumed that the fluid flow in this regime
can be broken into two parts: the film region and the core region. The liquid film on the tube walls
has been addressed at some length in the literature and will only be discussed briefly here. Several
different methods have been proposed for predicting the film flowrate from assumed velocity
profiles; unfortunately, the number of complete data sets are scarce and these prediction methods
have not been tested against a large number of data points. Hewitt & Hall-Taylor (1970) list and
briefly discuss several different approaches to the problem. These methods either assumed a single
velocity profile or a double velocity profile and may or may not take into account effects of
curvature and variation of shear stress within the liquid film. In addition, different models for the
eddy diffusivity were used. A planar liquid/gas interface was assumed. More recently, Dobran
(1983a) has developed a prediction method which attempts to take into account the wavy character
of the liquid film surface.

While the velocity profile in the liquid film on the tube walls has had much attention, little
attention has been given to the velocity profile in the liquid/vapor core region of annular two-phase
flows. The common procedure for handling the core region is to assume a homogeneous, uniform
velocity mixture. This has been done in studies addressing pressure drop, entrainment, turbulent
viscosity, heat transfer, film thickness and film flow (e.g. Anderson & Mantzouranis 1960; Dobran
1983a, b; Hewitt & Hall-Taylor 1970; Levy 1966; Van der Welle 1981; Wallis 1969). However, as
has been shown, for example, by Gill et al. (1964) and Adorni et al. (1960), the core region velocity
profile can have a variety of shapes. For some combinations of conditions, the two-phase velocity
profile can be relatively blunt, resembling a single-phase turbulent velocity profile; for other
conditions, the two-phase velocity profile can resemble a single-phase laminar velocity profile.
Thus, to assume a uniform velocity profile could cause significant errors. Few investigations have
been performed to measure the two-phase velocity profile. Gill et al. (1963a, b, 1964) and Adorni
et al. (1960) measured the velocity profiles in the core regions of annular flows where entrainment
was large in some cases. Kuznetsov & Darmono (1978) measured velocity profiles in the core region
of flows where entrainment is assumed to have been very low; how the liquid was introduced into
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the test section is not discussed nor is an estimate of entrainment given. Velocity profiles in lower
quality flows (in the bubbly-slug flow regimes) have been examined, for example, by Burdukov et
al. (1979), Bankoff (1960) and Theofanous & Sullivan (1982).

The only studies found which give an expression for the two-phase velocity profile in the core
region are by Turner (1966), Kashcheev & Muranov {1976) and Abolfadl & Wallis (1985). Turner
(1966) assumes a 1/7 power law velocity profile in the core but gives no comparisons with actual
data. Kashcheev & Muranov (1976) present a theoretically obtained expression which compares
well with some high-pressure (69 b) steam/water data obtained from another investigation.
{(Unfortunately, not enough information is given about this experimental data to guantitatively
compare it with the expression developed in the present study.) However, to use this complex
expression quantities such as “angular frequency of the [turbulent] velocity pulsations of the carrier
flow” must be estimated. Abolfadl & Wallis (1985) present an analysis using an experimentally
determined mixing length in a differential analyses of annular two-phase flow. Used in conjunction
with the shear stress profile, an integral equation was developed for the velocity profile in the core
region.

There were two objectives in this study. First, several representative film flow models were to
be tested against a large and diverse body of complete data. If indicated, an improved correlation
would be developed. Second, because of the lack of a simple expression for the two-phase velocity
profile in the core region of an annular flow, a predictive equation would be developed. The
objective was to develop an empirical correlation using common quantities which would accurately
model the different two-phase velocity profiles observed in experimental studies.

ANALYSIS AND DISCUSSION OF FILM FLOWRATE

A triangular interrelationship exists between the three dependent variables: film thickness, film
flowrate and pressure gradient. Knowing any two of these permits evaluation of the third. To
evaluate the film flowrate, W}, the following integral, [1], which takes into account curvature
effects, can be evaluated if the nondimensional film velocity profile uf = u;/u} is known:

we= [ ur{1-20 Y ayr (1]
0 Ref

In this expression 6§ = Suf p/ i, Ref = Rouf pi/u, and y{ = yu pe/ p;, where the subscript f refers
to film properties, the superscript + refers to nondimensional quantities, R, is the tube radius, 8
is the film thickness, u is the velocity, p is the density, p is the dynamic viscosity, Re is the Reynolds
Number, y is the distance from the wall and u} = /t,/p; is the friction velocity using the wall
shear stress t,.

Three representative models of the velocity profile were investigated: a single velocity profile
using the universal velocity profile; a double velocity profile using the universal velocity profile up
to y; = 87 /2 and using an inverted reflection of the universal velocity profile for §; /2 <y <d7;
and the velocity profile developed by Dobran (1983a), which takes into account a wavy layer in
the liquid film.

For the single velocity profile, the universal velocity profile was integrated using [1]. The
following expressions for the total film flowrate were obtained:

OFF _B7) pos

5F<5, W;= 2 - 3 f

5< 87 <30, Wi=12.51-8055+56{ In(57)

+ L (65.8 +2.788F —2.5(87 ) In(6{)], 2]
Ref

37 >30, Wi =—-639+38;+256fIn(d{)

+—L [649.5 — 2.125(67 ) — 1.25(6F ) In (87)].
Re}
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Integrating the double velocity profile results in the following expressions:
OO CIo)

07 <10, Wi =" 3 Re?,
5+
10< 87 <60, Wi =—3.055;7 +56¢ In (-2f_>
+ 1/Re? [17.22 +22.2667F + 0.594(5} )}
5+
—2.507)*In <—2‘—) (3]
54—
5 >60, WF=558f+256fIn (—21)
L1 1146 — 63.957 — 3.688(37) — 1.25(6# *1 o
+§€r; '_-f_-(t’)--(f)n’z—-

The Dobran (1983a) expression, which takes into account the wavy interface, is as follows:

Wi=WHEr)+@F —6F) x {u*(é{’)+M[l -(1 —ﬂ> éﬁf—f—é:]} (4]
2(&5) T, 36/
H

where W (87) is obtained from the integrated single velocity profile assuming Re} — 0. The
viscosity expression is given by (ug/u ) =1 +0.0016(8/ — 6;")"%. The continuous nonwavy layer
thickness 4," is given by

5l+ = 140 NOASJ R -1L3s
Do L €
where
D *
D*=p - ’
58
_ 12
N, = [gD3 AL pc)] ,
Hi
D
Rec =UPe >
Hg
u. = the superficial gas velocity
and

p. = the homogeneous density of the core.
The expression for the velocity at the edge of the nonwavy layer «*(§.") is given by
3F<S, ut=4;,
5<6;7<30, ut=-305+5In(5;),
85>30, ut=55+25In(;). {5]

These three models were used to predict the data from seven investigations which measured the
three dependent quantities. Two quantities (film thickness and flowrate) can be used directly, but
the third—pressure gradient-——must be broken down into its component parts (friction, acceleration
and hydrostatic) so that the wall shear stress can be evaluated.

The wall shear stress 7, can be evaluated from a momentum balance on the liquid film:

(RN 1 8P\ (R:—R?
() one- D) EE)

where 7, is the interfacial shear stress, R, is the radius at the liquid film interface, g is gravity and
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¢P/dz is the nonaccelerational pressure gradient. In the symbol (+), +represents upflow and
—represents down flow. The interfacial shear can be found from

r‘:—7(zpcg+6:>. (7]

Assuming a homogeneous core (which will be discussed in the next section), the core density p,
can be obtained from

pe=€pc+ (1 —€)pe, (8]
where the core void fraction ¢, is from
1

1+<£9—>(1—~x)§‘
X

PL

(91

€. =

The subscript ¢ represents core quantities, x is the quality and E is the entrainment in the core
and is equal to the entrained liquid mass flow divided by the total liquid flow. The hydrostatic
component of the pressure gradient is small so that the particular method of evaluation of p, is
not critical.

The nonacceleration pressure gradient is calculated by subtracting the acceleration pressure
gradient from the total pressure gradient. The acceleration pressure gradient can be found by
applying the momentum equation to the flow. By taking into account the nonuniform velocity
profile in the core region by using a momentum flux factor g (which relates the nonuniform velocity
profile momentum to an equivalent uniform velocity flow) the following equation is obtained:

il mg \*dpg mymg ( _dpg dE
aP\ o ms \'dpg dpg,  dE\ 1
(dL>mel B(Am;) i PP A \Far trew (10()]

The density gradient dp/dL can be evaluated using the perfect gas law (all the data 1o be analyzed
were obtained in air/water systems) and the total pressure gradient. Approximating the core
velocities from Gill et al. (1963b) with a power law relationship, the exponent in the power law
varies from about 1/7 to 1/3 which results in f varying from 1.02 to 1.09. Therefore, an average
value of 1.055 was used. The quantity A is the cross-sectional area of the tube, mg 1s the gas mass
flow and my is the liquid mass flow. The entrainment gradient dE/dL was found by a method
proposed by Kataoka & Ishii (1983). This correlation, for the case where E/E, < 1, is as follows:

E 2
———=2.87 x 107% Re?* Rel¥ We(l —E'_>

+2.64 x 1075 Re7 09 W% (Eg)o,zs
ML

0.026
+ (1 — E)™%5 _ 0,088 Ref 0% (ﬁ9> EO*, [10(b)]

He

The equilibrium entrainment E, is given by
E. =tanh(7.25 x 1077 We'# Rel}®), [10(c)]

where Re; is the total liquid Reynolds number, Rec=p;j; D/p, Reg, =Re(l —E,) and
We = pgjL D[(pL — pc)/pc]/o. The quantities ji and j; are the superficial liquid and gas
velocities, respectively, o is the liquid surface tension and z is the axial position.

Seven studies (all low-pressure air/water systems) were found which gave all three required pieces
of data. Both upflow (Gill e al. 19632, b) 1964; Ueda & Nose 1974; Whalley et al., 1974) and
downflow (Andreussi & Zanelli 1979; Chien & Ibele 1964; Ueda & Tanaka 1974) conditions were
examined. Wide ranges of flows, qualities and entrainment levels were covered. Operating
conditions ranged from strongly developing (Gill ez al. 1963a, b) to quasi-equilibrium flow. Four
of the papers had tabulated data while the other three gave graphical data.
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Table 1. Comparison of film flowrate prediction methods with data from each investigation

8 <25 8F>25 Total
Reference N R D N R D N R D
Andreussi & Zanelli (1979) 1t 45 56
1 0.762 0.238 0.842 0.158 0827 0.173
2 0.854 0.155 0.946 0.068 0.928 0.085
3 0.835 0.176 0.794  0.208 0.802 0.202
4 [.118 0.236 1.021  0.072 1.040 0.104
Chien & Ibele (1964) 0 15 15
1 0.830 0.174 0.830 0.174
2 0910 0.114 0910 0.114
3 0.733  0.268 0.733  0.268
4 0.851 0.158 0.851 0.158
Gill er al. (1963a,b) 0 48 48
1 1.000 0.070 1.000 0.070
2 1.140  0.140 1.140  0.140
3 0.935 0.079 0.935 0.079
4 1.068 0.079 1.068 0.079
Gill et al. (1964) 20 15 35
1 0.985 0.152 0.923  0.087 0.958 0.124
2 1.086 0.172 1.014 0.084 1.068 0.134
3 1.204 0.253 1.010  0.056 1.121  0.168
4 1142 0.221 1.071  0.077 .11 0.159
Ueda & Nose (1974) 0 21 21
1 0.723  0.277 0.723  0.277
2 0.795 0.205 0.795 0.205
3 1.504 0.504 1.504  0.504
4 0.881 0.119 0.881 0.119
Ueda & Tanaka (1974) 0 13 13
1 0.946 0.082 0946 0.082
2 1.027  0.044 1.027 0044
3 0.902 0.098 0.902 0.098
4 1.033  0.042 1.033  0.042
Whalley et al. (1974) 76 57 133
1 0.941 0.210 0.845 0.155 0.890 0.186
2 1.053  0.220 0.953 0.092 1.010  0.165
3 1.040 0.195 0.876 0.153 0970 0.177
4 0.959  0.140 0983 0.103 0969 0.124
Total 107 214 321
1 0931 0.202 0.878 0.141 0.895 0.161
2 1.039 0.204 0985 0.107 1.003 0.139
3 1.050 0.204 0934 0.181 0973 0.188
4 1.009 0.165 1.000 0.081 1.003 0.116

|—Single velocity profile; 2—Double velocity profile; 3—Dobran; 4—Modified double velocity profile.

Table 1 shows how well the three correlations predict the data. (The division at §; = 25 resulted
from examination of the plotted data.) The symbol N represents the number of data points; R
represents the average ratio of the predicted film flowrate to the experimental flowrate; D represents
the average ratio of the absolute deviation between the predicted film flowrate and the experimental
flowrate to the experimental flowrate. Overall, the double velocity profile method predicted the data
best. It went more closely through the center of the data and had the smallest average deviation.
Figure 1 shows the ratio of the predicted flow using the double velocity profile to the experimental
flow as a function of §7. As can be seen there is considerably more scatter at the smaller film
thickness. This is probably a result of experimental inaccuracies; the film thicknesses represented
by 6 € ~25 are in the range of 0.1 mm and smaller, This small distance is difficult to measure.
Note that regardless of the flow direction or whether it was strongly developing or quasi-
equilibrium the data were predicted equally well.

To improve the predictions the data were plotted against a variety of quantities (e.g. figure 1)
to determine if a pattern would emerge. However, other than that shown in figure 1, no other
figures indicated any strong dependence on another quantity, although Re} showed a weak
dependence. Hence, using a nonlinear regression analysis, the following equations were developed
by which the prediction from the double velocity profile method could be improved:

+ _ +
Wf - CWf, double velocity profile »

M.F. 13/5—C
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Figure 1. Deviations between film flowrate calculated with the double velocity profile and experimental
data.
where
5 <25, C=43.7(57)°% (Re¥)™°™,
87 >125, C =5.13(6F)"%% (Re¥) 0%, (11

The predictions using these equations also are shown in table 1 and figure 2. The overall predictions
are improved but only by a small amount; the predictions for §; < 25 are improved more than
those for 6; > 25. Because of the marginal improvement using [11] compared to the unmodified
double velocity profile, and because the results of the Dobran prediction method are not
significantly different either, it is recommended that the double velocity profile be used.
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Figure 2. Comparison between predicted W using the modified double velocity profile and experimental
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ANALYSIS AND DISCUSSION OF CORE VELOCITY PROFILE

Gill et al. (1964) measured core velocity profiles over a wide range of fluid conditions. At a given
air flow, as the water flow increased the peak (or centerline) velocity increased and the velocity
near the wall decreased. Thus, at low qualities the velocity profile was blunt and was not much
different than single-phase turbulent flow velocity profiles; at higher qualities the velocity profile
was much more peaked, similar to a velocity profile characterized by single-phase laminar flow.
They obtained this data from an experiment using a vertically upward air/water flow at near
atmosphere pressure. The tube was 3.18 cm in diameter and pitot tube traverses were made 531 cm
from the entrance of the pipe. The pitot tube was used to measure the mixture impact pressure
and liquid flowrate at a point. Also measured were the liquid film thickness and pressure gradient
at the sampling location. Because of the complete set of measurements, this data was chosen to
be analyzed in detail. It is tabulated in Gill er al. (1963a, b). Note that this was not an equilibrium
flow condition.

The local linear mixture velocity was calculated by assuming that the two-phase mixture behaved
as a homogeneous single-phase fluid (Gill er al. 1963a, b), where the impact pressure AP, is
expressed as

AP =1p.ul, [12]

Pm and u, are the mixture mean density and mixture linear velocity, respectively. Using [13] to
evaluate p,, [12] can be rewritten in terms of the superficial liquid (G5 ) and gas (G, ) mass velocities:

_ pcpL(Gg + G)
" (GgpL+ GLpg)

The superficial liquid mass velocity and impact pressure were both measured. Therefore, the
superficial gas mass velocity and the local linear mixture velocities could be calculated.

To validate the homogeneous fluid assumption it is necessary to show that the slip ratio of the
droplets in the core is near unity. A length mean drop diameter of each of the flows was calculated
using the expression developed by Tatterson et al. (1977). Using this diameter and assuming the
drop Reynolds number (using the relative velocity between the drop and the gas) is in the order
of unity then, from Stoke’s flow, an expression for the slip ratio can be obtained. Slip ratios from
about 1 to 1.03 were obtained for all cases which resulted in the drop Reynolds numbers ranging
downward from slightly above unity. Thus, the homogeneous fluid assumption for the core region
is reasonable for the range of data examined.

Gill et al. (1964) demonstrated that the two-phase velocity profiles for given flow conditions
plotted as straight lines on a graph of u, as a function of the logarithm of (y/R,). The straight
line relationship is the same as that which occurs in single-phase turbulent flow. However, the slope
of an individual two-phase velocity curve changes with changing flow conditions. For single-phase
turbulent flows the slope is a constant regardless of flow conditions; with rough walls (which would
be somewhat analogous to wavy film flow in annular flow) the slope is essentially the same as for
smooth walls although the intercept is shifted downward with increasing roughness. Thus, the
two-phase velocity profile in annular flow has some strong similarities and dissimilarities with
single-phase turbulent flow. Therefore, single-phase flow expressions for the velocity profile were
used as guidance in developing a two-phase flow velocity profile.

For fully rough turbulent single-phase flow the velocity profile [14] can be expressed in terms
of three nondimensional groups. The expression (Kays & Crawford 1980)

1 3267
*=-1In 1
ut=g¢ ( Re, + ) [14]
relates the nondimensional velocity u* to the distance from the wall y* and to a roughness
Reynolds number Re, = ru*p /p. In this expression ¢ is the height of the wall roughness elements.
For two-phase flows it seems reasonable to assume that analogous quantities will be involved in
the two-phase velocity profile; in addition, several other quantities applicable to two-phase annular

flow could influence the process. By analogy to the roughness Reynolds number used in
single-phase turbulent flow in tubes with rough walls, an expression to take into account the

(13]
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roughness of the interface of the liquid film on the wall had to be developed. Gill et al. (1964) have
shown that the effective roughness height of the liquid film is proportional to the film thickness.
Thus, it seemed appropriate to describe an interface roughness parameter 5 in terms of the film
thickness, interfacial shear and core properties:

; Ug P
5y =822k [15]
e

The other parameter which was assumed to explicitly influence the two-phase velocity profile was
the total amount of entrained liquid in the core, (1 - x)E. With increasing liquid droplets in the
core, turbulence would be suppressed. This would affect the development of the velocity profile.
Hence, the following expression was chosen to serve as the basis for a correlation for predicting
the core region two-phase velocity profile:

ul =f(ys, oS, (1 —x)E). [16]

It was felt that these quantities, if expressed in a manner appropriate to a two-phase annular flow,
were those most likely to lead to the successful formulation of a predictive equation. The functional
relationship would be found from the experimental data.

In single-phase flow, the nondimensional quantities are all defined relative to the wall conditions.
For the core region of annular two-phase flow the quantities should be defined relative to the
interface condition. Thus, the core nondimensional velocity would be defined by

+_(u—“i)
c T u:

u

) (17]

where 1 is the interface velocity and u¥ = \/7;/p,. is the core friction velocity.

To determine the interface velocity, the liquid film velocity must be determined. The double
velocity profile method developed by Anderson & Mantzouranis (1960) was used. The equations
used for the double velocity profile interface velocity are

5 <10, uf =d¢,

5
10<6;7 <60, uf=—6.10+101In (-;—>

51‘»
5+ > 60, u;=11.0+5.01n(—2f—>. (18]

It should be noted that the interface velocity calculated using this assumed profile can be significant
relative to the core mixture velocity. The ratio of interface velocity to peak core velocity ranged
from about 0.001 to 0.10; the ratio of interface to average core velocity would be greater.
The nondimensional distance from the film/core interface was defined by
—d)uXp.
yr= (.Z___)_Ei [19]
He
The core dynamic viscosity u. was calculated with an equation developed by Ishii & Zuber (1979):

—2.5(u + 0.4u0)
(L + pg)

He = Hgée [ZO]

The data tabulated by Gill et al. (1964) were used to determine the functional relationship
described by [16). This data included local impact pressures, liquid superficial mass velocities, total
entrained liquid flowrate, liquid film thickness, quality and nonacceleration pressure gradient. Only
those tests where all the data were given were used. Gill et al. (1964) mentioned difficulties in
measuring core velocities near the wall and stated that large errors could be present in the data
from near the wall. Therefore, only data for r/R < 0.8 were used which resulted in 451 local
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Figure 3. Deviations between predicted ul and experimental u?. Data from Gill er al. (1964).

velocity data points from 41 test runs being analyzed initially. The ranges of the experimental
conditions covered by this data were

37 < G <250 kg/m?s,
0.14 < x <094,
0.008 < E <0.57,
199<df <262,
460 < yF <9300
and

0.0006 < (1 — x)E <0.38.

A nonlinear regression analysis was used to obtain a correlating equation for the velocity profile.
Several expressions were tested, and the best one obtained was simple and relatively accurate. To
improve the correlation, Chauvenet’s criterion (Schenck 1979), which is a statistical procedure, was
used to reject outlying points. A total of 9 points were rejected. The remaining points were used
in the nonlinear regression analysis to determine the final correlating equation,

ul ={4.22+14.05[(1 — x)E**} In(yS5) + 0.963 —4.431n(5/) [21]

which fitted the data well. Figure 3 is a scatter plot showing the deviations between the experimental
data and the predictions from {21]. There appears to be a random scatter in the predictions. The
average ratio of predicted to experimental velocity was 1.00; the mean absolute deviation between
the predictions and the data was 0.062; the r.m.s. deviation was 0.083. [The present velocity profile
correlation was compared to the expression developed by Abolfadl & Wallis (1985). While the
predicted velocity profiles for every test run in Gill et al. (1964) were not compared, those which
were showed excellent agreement.]

Figures 4 and 5 give typical velocity profile plots. The prediction equation correctly models the
behavior of the flows. The changing shape of the velocity profiles, such as shown in figure $, is
predicted well. Figures 4 and 5 also illustrate one of the shortcomings of this correlation. The
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velocity gradient does not go to zero at the tube centerline. In addition, the velocity gradient goes
to infinity at the interface. However, this correlation is intended to model the velocity over the
majority of the core and was fitted accordingly. A separate correlation must be developed for the
core velocity from the film/core interface to some distance into the core. Several assumed profiles
(a quadratic and a cubic equation) were developed to match velocities and shear stresses at the
film/core interface and at a short distance (based on effective film roughness) into the core. These
equations did not predict monotonically increasing velocities from the interface to the point at
which these velocities had to match the velocity predicted with [21]. In fact, the velocity profiles
peaked between these two points. Thus, more work is required to handle the velocities close to the
film/core interface.

One test of the usefulness of [21] for various flows is to integrate the velocity profile over the
core area and compare the calculated core flows with the experimental values. This was done
(acknowledging that the velocity near the film/core interface is imperfectly modeled) using the 321
complete data sets from the first part of this paper. The average ratio of predicted core flow to
experimental core flow was 1.050 and the average absolute deviation between the predicted and
experimental core flows was 0.119. [It should be noted that five points from Whalley et al. (1974)
were overpredicted by more than 90%; eliminating these five points reduces the average, ratio and
average absolute deviation to 1.033 and 0.102, respectively.] This good agreement is encouraging
as to the usefulness of [21].

The two-phase velocity profiles vary from being relatively blunt to being very peaked. The
increasing “laminarization” of the velocity profile coincides with increasing total entrained liquid
fraction (1 — x)E. Typical profiles for different levels of total entrained liquid fraction are shown
in figure 6 for various flowrates and qualities. At very low values of (1 — x)E the velocity profile
is very close to that which would be obtained for a single-phase turbulent flow in a channel with
rough walls. As (1 — x)E increases the velocity profile takes on a more parabolic shape typical of
a laminar single-phase flow. Note, though, the velocity profile is affected by both (1 — x)E and 7.
This is more clearly seen in figure 7. Several single-phase and two-phase velocity profiles are
compared. The following single-phase flow equations (Kays & Crawford 1980) were used in
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Figure 6. Variation in velocity profile with increasing Figure 7. Comparison of predicted velocity profiles for
total entrained liquid fraction. Data from Gill er al. different types of pipe flow.

(1964).

addition to [14] for the single-phase turbulent flow with rough walls and [21] for the two-phase
flow:

. u 7\
= =1-{Z}: 22
laminar, — 1 ( R) ; [22]
u y Had
turbulent, smooth wall = (§> . [23]

Typical values of the various parameters were used in the equations. The two-phase velocity profile
clearly takes on a more laminar character with increasing (1 — x)E. However, the two-phase flow
is never purely laminar. While the presence of droplets does seem to suppress or dampen turbulent
motion, even at small qualities or particulate loading there are significant changes in the velocity
level and turbulence intensity (Theofanous & Sullivan 1982; Burdukov ez al. 1979).

Gill et al. (1964), using the Von Karman velocity deficiency law for single-phase turbulent flow,
calculated values of the Von Karman constant in the range of about 0.10 < & < 0.42. The value
generally decreased with increasing liquid flowrate above a flow of about 90 kg/h and with
increasing air flowrate. With both liquid and vapor flows increasing there would be a tendency for
more liquid to be entrained in the core of the annular flow. They suggested that increased entrained
liquid would suppress turbulent eddies which would reduce the mixing length and, hence, the value
of k. A second hypothesis was that the transition at about 90 kg/h in the k vs liquid flowrate curve
occurs in the range in which large disturbance waves are formed and that these waves could affect
the turbulence of the flow. However, entrainment will occur more readily with large waves than
with small waves so the second hypothesis could be considered to be addressing the mechanism
of the entrainment rather than a second mechanism for explaining the decrease in mixing length.

Data from high-pressure (68.6b) steam flow follows the same pattern as the low-pressure
air/water flow. The steam data are shown in figure 8. Insufficient information was given in the paper
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Figure 8. Qualitative comparison between high pressure steam/water velocity profiles and predicted
velocity profiles. Data from Kashcheev & Muranov (1976).

by Kashcheev & Muranov (1976) to predict the velocity profiles with [21]. Thus, two predicted
profiles with assumed parameters were plotted only for qualitative comparison purposes. As can
be seen, as the quality increases for a given mass velocity the velocity profile becomes more blunt.
This trend would be consistent with a decreasing entrained liquid fraction. Comparing the
high-pressure steam data with the correlation developed with low-pressure air/water data shows
that the general characteristics of the velocity profiles are the same for the two significantly different
fluid conditions.

The data evaluated so far were from nonequilibrium flows but were taken far enough from the
entrance (L /D ~ 167) that the velocity behavior can be assumed to be only slowly changing. The
velocity data from Gill et al. (1963a, b) were taken in the range 4.8 < L/D < 167 for one liquid
(454 kg/h) and one gas (227 kg/h) flow. Entrainment varied from 0.08 near the entrance to 0.53
near the exit. The data for this highly nonequilibrium experiment were also compared to the
predictive equation with surprisingly good results. For 48 test runs with 619 data points the average
ratio of predicted to experimental velocity was 1.09; the mean absolute deviation between the
predictions and the data was 0.101; and the r.m.s. deviation was 0.150. As shown in figure 9 for
the various test runs the predictions were high compared to the arithmetic average of the velocity
profile data at each location near the inlet but decreased farther along the tube. It should be noted
that the data from Gill et al. (1964) at the same fluid conditions as in Gill et al. (1963a, b) were
also slightly overpredicted by 3—-4%. Thus, it can be suggested that after L/D > ~60-70, there is
very good agreement between the predictions and the data. This seems to indicate that the proposed
velocity profile prediction method can handle nonequilibrium flows if the conditions are not
changing too rapidly.

CONCLUSIONS

Several complete data sets from the literature were used to evaluate the triangular relationship
between film thickness, film flowrate and pressure gradient. Three liquid film velocity profiles were
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utilized in the evaluation. Comparison with data indicates that the double velocity profile method
provides reasonably good predictions.

Experimental data from the core region of low-pressure air/water annular flow have been
empirically correlated. The nondimensional velocity profile was found to be an explicit function
of the nondimensional distance from the interface, total entrained liquid fraction and the liquid
film thickness. It was concluded that the total entrained liquid fraction was responsible for the
*“laminarization” of the velocity profile. Quantitative agreement between the experimental air/water
data and predictions from the correlating equation was good. Qualitative agreement between the
equation and high-pressure steam/water flow indicated that the basic characteristics of the velocity
profile are similar over large ranges of fluid conditions.
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