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HYDRODYNAMICS OF A WATER—AIR FLOW IN A VERTICAL ANNULAR CHANNEL

E. B. Servirog and A. N. Khoze UDC 536.24:532.529.5

Measurements on the effects of flow rate and geometrical dimensions on the hy-
draulic~resistance coefficient of a vertical annular channel containing a rising
water—air flow are reported.

Annular channels of the tube-in-tube type are widely used in heat exchangers and the
like; the heat transfer is accelerated if a gas—water mixture is used [1l]. There are many
papers on the hydrodynamics of such flows in pipes and channels, but similar studies Zor
annular channels are few and rather conflicting [2, 3]. We have therefore made measurements
on the hydrodynamics of water—air flows in such channels.

The working section was a vertical lucite tube having an inner diameter d, = 28 rm and
length 960 mm; the internal coaxial part was a polished nonferrous tube of diameter d. = 9,
12, 14, 16, and 24 mm or a lucite rod of diameter 20 mm. The outer tube has a length of 480
mm in the experiments with a rod of diameter 24 mm.

The centering was provided by a supporting disk and the top of the chamber. The center-
ing device set up in the latter had interchangeable cones, which allowed us to direct the
films of liquid into cyclones separately from the inner and outer surfaces of the annulus.
The liquid was deposited on the walls by means of a cylindrical bubble chamber of height 70
mm and inner diameter 90 mm, which had an air-distributing grid at the bottom containing 80
holes of diameter 3 mm.

During the preliminary experiments, an equivalent diameter dg = 8 mm was used to examine
the effects of various designs of bubble chamber on the resistance of the working section.
Although there was some variation in the distribution of the liquid over the surfaces of the
annulus, the resistance was almost independent of the size and design of the bubble chamber.

The air was brought into the distributing grid by three DV-2 fans working in series.
The air flow rate was measured with a Prandtl tube, an MMN-240 gauge, and a U-~tube manometer,
which indicated the static pressure.
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The water circulated around a closed circuit and was passed to the bubble chamber by
an ETsN-105 pump. The water flow rate was monitored and maintained by an RS-5 rotameter;
the temperatures of the water and air in the bubble chamber and cyclones were monitored by
mercury thermometers.

The static pressure difference Ap over the working section was monitored "at eight
points (or at five in the case dp = 4 mm), and in each section there were three holes of
diameter 0.8 mm, which were joined via an annular chamber to pressure-measuring tubes.

The liquid distribution in the annulus was recorded by fitting annular tap-off sections
"in the upper hollow part of the axial rod and in the outer tube, through which water was
drawn off by a vacuum pump into a measuring vessel. The completeness of film collection was
monitored visually from the water runoff from the cyclones and also by means of a cathode
ray tube (CRT) displaying the signals from conductivity transducers.

The thickness of the films on the two surfaces were measured for do = 8 mm at 17 points
by conductivity methods; a GZ-33 oscillator was used with an F-517 voltmeter and an SI-13A
oscilloscope. The mean film thickness ¢ and the wave amplitude were determined. The speeds
were as follows (m/sec): air, w, = 6-49; water, w; = (5.85-61) ¢10™%, which corresponded to

a mean irrigation density Iy = (1.3-9)+10"° m®/sec.

The Reynolds numbér‘for the film Reée varied from 50 to 360 with tﬁese Iy, which corre-
sponded to laminar flow [4].

The upper limit to the air speed was governed by the pressure~flow rate characteristics
of the fans, while the lower limit was set by flow instability in the annulus.

The results for air gave £ in godd.agreement'with Blasius's formula: For example, the
deviations did not exceed 5% for de = 12 mm or 77 for de = 19 mm.

A profile recorder indicated that the surface roughness of the outer tube did not ex-
cedd 0.012 mm, as against 0.0015~0.003 mm for the rods.

The vigorous heat and mass transfer in the bubble chamber ensured quasiisothermal condi-
tions, and so the variations in water and air temperatures along the channel were not more
than 0,2-0.7°C. All measurements were made between +15 and +22°C, the exact value being
dependent on the envirommental conditions.

’

It was found that the static pressure fell linearly along the working part of the chan-
nel.

The observations on Ap/l = f(w:) gave resistance figures lower than'tho§e given by
standard formulas for vertical tubes [5-8]. The discrepancy became less as w, fell or dg
increased, which is in agreement with the results for steamwater flows [2].

Our measurements agree best with the measurements of [3] on the hydraulic resistance
of annular channels with water injection.

We use the coefficient £ as the dimensionless characteristic of the hydraulic resistance,
which is given by Darcy's formula:

Ap—t- 0w (1)
de 2
The measured { was then put in the following form [9]:
E=§+ A, (2)
where £, was derived from Blasius's formula via the Reynolds number for the gas phase.

Calculations from the energy equation for de = 8 mm showed that the overall effect of
the acceleration arising from the density change in the air was merely to alter the loss of
heat by 2.5% (or less).

Published data [4, 9] were used in approximating the data for the increment in the
hydraulic-resistance coefficient arising from liquid injection in the form

A§~(-“’—‘,’) Re's, (3
Wo

652



Figure 1 shows Af in relation to the ratio of the reduced velocities and Reynolds num—
bers for the liquid phase for the annuli de'= 8 mm; there is a tendency for the curves to
separate in accordance with the value of Red s which indicates that k = 0 for a certain range
in we, so (3) can be simplified to

” m
Ag~(i‘”$) ) (4)
Wy

We found that the reduced gas speed corresponding to onset of separation between the
straight lines varied only within the narrow limits of 26 and 20 m/sec, with a tendency to
decrease as the irrigation density increased.

We used the mean irrigation density I'yv = 6.18 x 10~° m*/sec (Fig. 2) and also Iy = 2.77¢
10~° m*/sec in examining the effects of the geometry of the hydraulic resistance; we found
that the curves tended to separate at wo/ws below certain values, which were dependent on
the channel geometry and liquid flow rate. The value of w° corregponding to the onset of
separation varied within narrow limits. For instance, as de/d. increased, for: Red = 250
and 110 there was a rise in that speed from 25 to 29 m/sec.

In general, the speed corresponding to onset of separation between the lines (Figs. 1
and 2) is w: = 25 m/sec.

Figure 3 shows regression lines drawn up for AE; at wg < 25 mfsec,

1,527 " \—2
A§:4.108Re';e‘~‘*5(%) (.‘91) , (3)
. Wy
and at wz > 25 m/sec,
> V0.9
AE=17.2 . (w") . (6)
Wo

The appreciable increase in Af for w: < 25 m/sec shown by (5) appears te be due to some
increase in the loss involved in oversoming the gravitational force arising from a fall in
the true gas content, in addition to any effects from wave formation.

The maximum deviation of the observed points from the predicted £ is 6.2% for (6, and
19% for (5).

Figure 4 gives a general evaluation of the processes in the channel, and this ﬁhcws
the mean film thickness § for each of the surfaces for de = 8 mm as a function of weefor
various irrigation densities.

Similar relationships apply for the wave amplitude A and the volume irrigation densities
on the outer and inner surfaces.

The curves of Flg. 4a correspond to Iy = 2.77¢10"° m*/sec while those of Fig. 4b corre-
spond to = 6.1810"° n?*/sec.

The film thicknesses were measured as the averages in time and over the length of the
channel: 6§ for the inner surface and 8o for the outer one.

For relatively low irrigation densities (Fig. 4a) and Wo > 25 m/sec we found that §, was
only slightly larger than &j, although I'vy > TIy,; it is clear that in this case the flow con-
ditions differ for the two surfaces. Further, &, increases more rapidly with Iy (Fig. 4b).

The mean film thickness and the wave amplitude tend to increase as Vo falls; reduced
gas speeds of less than 25 m/sec cause particularly rapid increase in 60 as well as in A4{ and
Ao. The wave amplitudes are almost identical on the two surfaces for Wo > 25 m/sec whereas
Ao is greater than Aj for wo < 25 m/sec.

The mean wave amplitudes were determined as the differences between the minimal aad
maximal film thlckneSSes at several polntS uniformly distributed over the height; CRT wave-
forms showed that wp greater than Wt corresponding to the onset of separation (Figs. 1 and
2) resulted in almost smooth films with long waves on both surfaces, which could be sezn
clearly by eye on account of the very low frequency.

As the gas speed fell, waves of very much higher frequency began to appear on the long
waves, and the amplitude of these increased considerably for we < wy, which finally resulted
in the liquid films meeting and the flow becoming unstable.
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Fig. 4. Distribution of liquid and film thickness over the surfaces of an an-

nular channel with de = 8 mm for a mean volume 1rrlgat10n densxty Ty = 2.77+10°°
m?*/sec (a) and Ty = 6.18¢10~° m?/sec (b) in relation to we, m/sec: 1) volume ir-

rigation density; 2) mean film thickness 8, m; 3) wave amplitude A, m; 4) outer

surface; 5) inner surface.



Increase in the outer film thickness was accompanied by redistribution of the irriga-
tion density over the surfaces, which was particularly pronounced when wz fell below the
above transition speed.

The fall in irrigation demnsity on the inmer surface is due to preferential transfer of
droplets from the inner surface to the outer one, although there is some fall in the general
transport capacity of the gas phase.

The variations 1n 6 and I'y on the surfaces for wo < wt at a given liquid flow rate are
similar to those for w > wt as the liquid flow rate is increased, so one concludes that wé
represents the point of onset of rapid increase in film thickness and also in wave amplitude
as the gas flow rate is reduced.

The inner surface receives rather more liquid at low liquid flow speeds; however, only
the outer surface is irrigated above some limiting value (at w, ~ 25 m/sec this is [y = 6.8+
10~° m®/sec), which is due to loss of droplets from the inner surface.

This transfer may be measured as the difference between the flow rate at the inlet and
the amount of liquid extracted by the vacuum pumps; it varies with T'y and wo. The proportion
of this transfer increases with w between 25 and 50 m/sec at all liquid flow rates aad lies
in the range 3-157.

NOTATION

1, channel length, d,, inner tube diameter; d,, diameter of outer surface; dg, 2quiva-
lent diameter; £o, hydraulic-resistance coefficient for air; &, hydraullc—re51stance coef-
ficient for a two-phase flow; A&, hydraulic-resistance coefficient increment; w;, wo, re-
duced velocities of water and air, respectively; ¢, mean thickness of liquid film; A, wave
amplitude; Ty, mean volume density of irrigation; v', kinematic viscosity of water; p'', gas
phase density; Rede 4Ty/v', Reynolds number for liquid; Ap, hydraulic resistance. Indices:
i and o, inner and outer, surfaces, respectively.
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