ACTUAL GAS CONTENT DF VERTICAL ADIABATIC TWO-PHASE
FLOWS AT LOW PRESSURE AND IN VACUUM

S. I. Tkachenko UDC 532.529.5

Generalized equations are given for determining the actual gas content of low-vis-
cosity and high-viscosity two-phase flows in vertical tubes and annular channels
with Dequ = 6-1000 mm.

The experimental data on the motion of low-viscosity and high-viscosity two-phase flows
at low pressure and in vacuum in tubes and in annular channels with 6<Dequ = 1000 mm (see,
e.g., [1-8]) accumulated over the past decade have not yet been adequately analyzed and
generalized. Our purpose here is to bridge this gap.

The governing properties adopted for studies of the relative motion of the phases in
vapor—liquid (or gas—liquid) flows are the actual gas content ¢, the relative velocity of
the different phases, wy (wy/Wp in dimensionless form), the actual gas velocity Wwa (Wa/wg) »
and the phase "slipping" s = w,/w;.

In general, each of these characteristics depends on many parameters [9, 107,

n=F@, Re,Fr,, We, p, 1, ¥/D, o), (1)

and this circumstance naturally complicates the design of experiments and the analysis of
experimental results.

In the case under consideration here, there are some specific difficulties, resulting
from the following circumstances: It is not possible to arbitrarily change Frp so that Rep
and We remain constant. Variability of Frp and Rep at constant We can be achieved by means
of wy, but then we would be dealing with the influence on the process of the dimensional .
parameter Wy, rather than the influence of Reyp and Fry at We = const. We therefore use de-
pendence (1), after converting it to a form more convenient for generalizing the concrete
experimental results.

The experimental characteristic is shown in Table 1, where the values of P without
asterisks denote the average pressure in the experimental region, while the values of P with
asterisks denote the pressure in the separator. The surface tension at the interface varied
slightly: o = (7.11-7.74)+-10"2 N/m.

Since the experimental data used in the generalization have already been analyzed
thoroughly [1-8], here we will simply discuss certain particular features of the influence
of the physical properties of the flow and the geometric dimensions of the channel on the
phase slipping at low pressure and in vacuum. The dependences of the phase slipping on the
physical properties of the flow and the geometric dimensions of the channel are multivalued
and interrelated [3, 7]. In certain situations a decrease in the channel diameter can lead
to an increase in the phase slipping, while in other situations there can be a decrease. The
actual influence of the channel diameter on the pulses is governed by the kinematic properties
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TABLE 1. Experimental Characteristics
N - [9] i
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8 = 53| é e]ﬂ NIQ m/sec m/sec L 4<sE
-Circular tubes : :
1,2,31 w—A [10—:2 32,717,711 985 62 50 {0,15—1,25; 1—30 1,95{0,91] 7
1,2,3]l w—A | 6,10—8,7|32,7/0,71] 985 62 50 10,15—1,25/2—9 1,95/0,96; 7
1,3] |u-A [10,5—12,7,32,7{9,25|1230|- 62 50 |0;15—1,25/1,5—32,5(1,62(0,99] 1
L3l JU--A | 5,5—8 [32,719,25|1230] 62 50 [0,15—1,25/2,5—10 [1,62(1,10| 7
1,3} {g—-a (10,7—12,7)32,7|28,9(11290] 62 50 19,15—1,25/1,5—27,51,39{1,18] 7
1,3] |U—A |11,4—13,1{32,7/91,5/1330| 62 50 |0,15—1,25|1,5—22 {1,39(1,33| 1
3] wW—A |10,6—13 {12,2|0,71] 985 171 50 10,15—1,10]1,19—8,5! 0 1,05 7
6,7] |wWw-a1 9,81*% 250 (0,71} 985] 15,2 0 (0,28—1,62{1,5—28 =|1,40{1,07 2
6,7] (w—aA | 9.81* 500 i0,7t] 985 7,6 0 (0,06—0,82/0,4—9,5 (1,121,113} 2
6,71 |[L—A | 9,81* 500 10,711220] 7.6 0 [0,08—0,57]1,2—9,5 1,12}1,09] 2
6,7] |u—a | 9.81% 500 [3,03[1120] 7,6 0 [0,18—0,66{1,4—8,5 |[1,12[1,20] 2
6,7 |lU=A | 9.81*. 500 19,25(1235 7,6 0 |[0,18-0,6611,2—8,7 [1,12{1,20] 2
6,71 lu—a | 9,81* 500 136,1{1290! 7,6 0 [0,18—0,62{1,4—9,0 |1,12[1,20] 2
6,7] {U—A | 9,81 500 192,0[1330] 7,6 0 (0,18-0,66]1,5—8,5 |1,i2{1,20{ 2
4,5] lw=-a 1 9,81% 56 10,81] 985! 62,5 0 10,02—0,80j0,1—20 |1,450,94] 2
Annular channels

4,5] | W—A [10,2—11,4(23,2(0,71| 985 151 ¢ [0,02—0,6 [0,1—12,5 {1,64{1,06] 3
4,5] { W=—A {10,2-11,5| 6,1/0,71| 985| 575 0 10,05—0,56{0,24—18 6/1,41|1,24] 3
4,51 {U—A | 9,81* 6,1)16,7/1250{ 575 0 10,12—0,42,0,32—9,7 |1,41]1,57] 3
4,51 |IL—A |9,81* 6,10,86/11601 575 | 0 |0,16—0,34/0,34—2 48|1,41]1,06! 3
4,5] (G—A | 9,81 23,2/5,9 {1130| 151 0 0,1—0,16 {0,27—5 48|1,64{1,10f 3
4,5] |1U~A | 9,81* 23,2|16,7/1250| 151 0 0,15—0,38/0,64—%,29,1,45{1,27 3
4,5] |IL—A | 9,81* 23,2/0,86{1160| 151 0 0,05—0,460,1—1,5 |{1,45]1,01) &
4,5] |W—4 | 5,9-6,0 {23,2/0,84) 986] 151 | 0 [0,02—0,6 {0,2—11 {1,97/1.13] 3
4,5] (W—=4 | 5,9-6,0 1.6,1/0,84| 985/ 174 g 10,[—0,5 10,5—10 1,4111,24] 8

of the flow (the reduced velocities of the phases, the mixture velocities, etc.) and by the
rhysical properties of the flow. For example, the actual gas content in a vertical air—water
flow (P = 1 bar) at Wo» < 3.2 m/sec in a tube with D = 12.2 mm is higher than in a tube with
D = 32.7 mm under otherwise equal conditions; wo. > 3.2 m/sec we have the opposite situation.
Furthermore, while the slipping increases significantly with increasing viscosity in a tube
with D = 32.7 mm, the slipping in a tube with D = 500 mm varies only slightly as the visco-

"sity is changed by a factor of 130 [7].

The multivalued nature of, and the relations among, the effects of the various dimen-
sional parameters on the process offer further motivation for working out relations for de-
termining the characteristics of two—phase flows on the basis of the dimensionless criteria

and their combinations.

The concept of self-similarity is important in the case of multiparameter relations
[11]. We believe it is useful to introduce the concepts of "anisotropy" and "isotropy" of
the self-similarity: A dimensionless parameter usually incorporates several dimensional
parameters. "Isotropic" self-similarity should be understood here as self-similarity with
respect to a dimensionless parameter upon a change in any of the dimensional parameters,
while "anisotropic" self-similarity represents self-similarity with respect to a dimension-
less parameter upon a change in only certain of the dimensional parameters. By working out
complexes of such anisotropic criteria we can greatly simplify the original criterial de-
pendence. ’

We have carried out an extremely extensive and careful search for self-similarity of
the governed parameters ¢, wy (Wr/wm), w2 (w2/wp), and s with respect to the dimensionless
and dimensional governing parameters appearing in system (1). As a result we conclude that
the Best quantity to adopt as the governed parameter for low-pressure and vacuum conditions
is the relative velocity of the different phases w,, more precisely, the dimensionless
phasew-slipping parameters Syg and Sy. At low-pressures and in vacuum, according to our re-
search [1-8], the function wy = f (wWo.) is approximately linear and can be written as

W, =W, -+ Srwoz (2)

or
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w, =S, + S, (3)

where
S, = w,)/w, (4a)
S, = (W, — W,0)/Wes, (4b)
wo~c) gD. (4c)

Relation (4c), obtained for circular tubes [12], is used in the present paper for an-
nular channels by replacing D by the equivalent diameter Dequ = D T_di-

Taking this discussion into account, in constructing the generalization we use the
multifactor correlation relationships

S,y = fu(B, Rey, Fryy We, p, 1, k/D, @), (5)
S, = I, (B, Rem Fryy We, p, s, £/D, @), (6)

after first converting them to a form more convenient for generalizing the concrete experi-
mental data in Table 1.

We eliminate the parameters a and k/D from (5) on the basis of the following considera-
tions: The angle between the experimental tube and the vertical is constant in all these
experiments, equal to a = 0; the ranges of the Reynolds number of the heavy phase, Re,,
and the relative roughness k/D are such that the experimental data used in this analysis cor-
responds to the range of smooth tubes [9, 13]. The parameter S,y corresponds to the condi-
tions B+0, wg2>0, wyprwy, so that we are completely justified in eliminating 8 from system
(5) and replacing the parameters Rep and Frp by Rey and Fr,. Then system (5) becomes

Sro = f1(Re,, Fry, We, 6» ﬁ) 7y
The quantity wy (0.02 < wy = 2 m/sec in the experiments analyzed here) does not have
any significant effect on Syy(wr,) (see, e.g., [3, 6, 7, 8]); i.e., the situation is such
that the parameters Re, and Fr, "anisotropically" influence the governed parameter Sro- We
therefore combine Re, and Fr, into a single combination in order to eliminate AT

ReyFry 7= glivi)* = Ga'”, (8)

Using (8) we convert system (5) to

S, =[1(Ga, We, p, n). :
ro fl( p }f’) (9)
In the data analyzed here (Table 1) the change in u is due primarily to u;; i.e., the in-
fluence of the viscosity of the heavy phase on the process can be taken into account wholly
by means of the criterion Ga. For the generalization we therefore use system (5) in the form

S,; = [, (Ga, We, p). (10)

We simplify system (6), from which we immediately eliminate o and k/D on the basis of the
arguments above. Since the dimensionless parameter S, is self-similar with respect to wp(B,

Woz, Wo1), the parameters Rep and Fr, are combined in a manner such that we can eliminate
Wp from them:

Req -Friy”* = (gB8/vin) 2 = Ga!”. (11)
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Here Ga* is specific; in it, v, is replaced by the mixture viscosity vy, determined from

1/vp= (1 —P)/vy + B/vs. 12

For the experiments analyzed here (Table 1) the range of the kinematic viscosity of the
lighter phase, v, is two orders of magnitude smaller than the range of v,; furthermore,
the slipping parameter S, is self-similar with respect to B. Then we can replace vy in Gax
by v, and obtain the familiar parameter Ga. In connection with the introduction of the para-
meter Ga on the basis of the considerations above, we eliminate the simplex i from (6). After
the conversion, system (6) becomes

Sr = fz (Gav We, p) (13)
The introduction of the Galileo number among the governing parameters can be justified in a
slightly different manner, by noting that the original differential equations from which
system (1) was derived are "smooth" (the magnitude of the discrete formations is not taken
into account) and do not reflect the internal structure of turbulent gas—liquid flows. In
an attempt to take into account the microscopic structure of the turbulence of the heavy
phase we assume that the influence of the viscosity on the process becomes appreciable

when the scale dimension of the smallest eddy Zs (Zs is the dimension of the eddies in which
the turbulent-motion energy is converted into heat by viscous forces) becomes comparable to
the geometric dimension of the channel. We believe that the ratio Zst should be used as a
measure of the influence of the heavy-phase structure of the turbulent gas—liquid flow on
phase slipping.

For isotfopic turbulence we have [14]

I, — e, (14)

Equation (14) can also be applied to anisotropic turbulence [14]. From the von Kdrman—
Howarth equation we find the energy dissipation rate to be

e = 65 (Aw)Y/L. (15)

Using (15) in (14) we find

I = (L/65)" (vy/Aw )", (16)

The relative dimension of the smallest eddies is

- 14 T \3/4 1
1iD, = (L/65)"*-(v,/Aw YD ", a7

.Since Sy, and Sy reflect the dynamics of the change in the phase slipping with changes
in the physical properties of the flow and the geometric dimensions of the channel under
kinematically identical conditions, we can write, with an accuracy suitable for this gen~
eralization,

LY 1(Aw )** ~ const; (18)

then we find

1/D, ~ VD, (19

Kutateladze [15] recommends that the quantity-;fvﬂg"be adopted as linear. We thereforewrite
the ratio in (17) as
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Fig. 1. Generalization of the experimental data on the actual
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the arbitrary designations 1-3 correspond to those in Table 1.

379
S ) /
vi ¥V V8 g, (20)
D, D,

These manipulations reflect the physical meaning of introducing the Galileo number Ga
in the system of governing parameters.

Systems (10) and (13) should be used to generalize the experimental results, with the
customary parameter We replaced by the specific parameter We*:

Sro’ Sr:f(G33 We*’ E—)) (21)

The parameter We* is modified through an account of the specific experimental data
(Table 1), in which the quantity VETGﬂjjﬁﬁ varies only slightly. With an accuracy suitable

for this generalization we set Vo/(y,—y2) =~const (for estimates we used the results of the

earlier generalization in [3]) and thus

We* ~ const/D, ~ |/D,.

(22)
The experimental data are shown in Fig. 1 in the coordinates
—0,257--0,05 3,72 .
Sro(l/Dy) 7 T = [ (DY VVE ), (23)
— 003 3773
S, (1D 5% = f, (D, viig ) . ' (24)

The exponent of the simplex p is adopted in acecordance with the generalization in [3].

In the region Gal/3 > 800 the parameters Sro and S, are self-similar with respect to
Ga; i.e., the heavy-phase viscosity does not significantly affect the phase slipping over a
broad range of channel diameters in this region. At Gal/3 < 800 the scatter of points with
respect to the upper generalizing curve is very large. This is a reasonable result: As the
velocity w.4 approaches zero, the relative error in its determination increases rapidly. The
error which the quantity S,,(wr;) causes in the calculation of the actual gas content @ is
appreciable only at low gas flow rates, since at intermediate and large flow rates the
phase slipping is governed primarily by the parameter S..

The experimental results shown in Fig. 1 are described analytically by’
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Sm:—.().123(5)0'05(1/D*)°'25(D*/13/VL‘)/g )025, (25)

S, — 1.85@"(1/D,y %D,/ ff/ Vilg yoim (26)

for Gal/3 < 800;
S, = 0,65(1/D,)"*p™%, 27)
S, = 0,80 (1/D,) "% "% (28)

for Gal/3 > 800.

Accordingly, to determine the actual gas content in the motion of low-viscosity and
high-viscosity flows in tubes and annular channels with equivalent diameters Deqy = 6-1000
mm we can use

? S, Szvm _+ )
[o 2 (Nwﬂs_ + 1>2_ _we " (29)
Sro@ + S Wy, Sr®@ 1 SWey

where Sy, and S, are determined for (25)-(28).

NOTATION

¢, 8, actual and expended volume gas contents; D, geometric diameter; d4, outside dia-
meter of the inner wall in an annular channel; Dgqus hydraulic (equivalent) diameter; 7,
linear dimension; Zexp, length of experimental reglon, lst, length of stabilization region;
n o= ul/uz,relative dynamic viscosity; ni, M2, dynamic viscosity of the heavy and light phases,
respectively; p = pi/p2, relative density; p:, pz, densities of the heavy and light phases,
respectively; We = 0/[Y1—Y2)D*] Weber number; o, surface temnsion;.vy,, yv., specific gravi-
ties of the heavy and light phases, respectively; Frp = wp/(g/Dz), Froude number of the
mixture wy, Wikture velocity; g, acceleration due to gravity; Rey = wp/ (eDx) , Reynolds num-—
ber of mixture; vp, kinematic viscosity of mixture; P, pressure; wji, woz, reduced velocities
of the heavy and light phases; wy, relative velocity of the different phases; w,, wy, actual
velocities of the heavy and light phases; S = w./w,, phase-slipping parameter; wgs circula-
tion velocity; Srgs Sy, dimensionless phase-slipping parameters; w, velocity of the relative
motion of a single large bubble or "projectile; Rey, Frp, Reynolds and Froude numbers or
single~phase flow; wr,, relative velocity of the different phases for the case in which wy.
tends toward zero; Ga, galileo number; a, angle between the tube and the vertical; v,, va,
kinematic viscosities of the heavy and light phases; e, rate of energy dissipation; L, scale
length of the turbulence; AW, pulsation velocity; D,, linear dimension (for a tube, Dx = D;
for an annular channel, D, = Dequ/Z), c, coefficient, ¢ = 0.35 [12]; WA, water—air mixture;
U—A mixture of a sugar solution and air; L—A, mixture of a salt solution and air; G-A, mix-
ture of a glycerin solution and air.
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