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AHHOT8qna-cOO6wamTCR pe3J’JfbTaTbI BI43J’aJlbH&‘O HCCneHOBaHHR CTPYKTYP~I nByx+in- 
HOrO IIOTOKa IIpEi AllCIIepCHOM II IIPO6KOBOM Tf%?HiiRX, 3 TaKFKKe IIpElBOARTCR AaHHbIe 0 
BJlliRHllMBpNW?HAH BHYTpeHHerOIZMJIIlHAp3H3~R~p3BJIll'leCKOeCO~pOTnBneHlle H IICTMHHOB 
ra3ocogepwaHae B KonbqeBoM HaHane. 

YCTaHOBJIeHO, 'ITO B MCCJWAOB3HHOM 3BTOpaMI4 AElana3OHe I13MeHeHHR YliCJla P&HOJIb~Ca 
CMeCH, IlCTAHHOrO IWOCOWp~aHI4R II CKOPOCTH Bpaqt?HHiI BHYTPE!HHt?rO qMJIHH~pa, BpalqC- 

HIle He IIPHBOAHT K CJ’WeCTBeHHOhly I13MeHeIIMH) CTPYKTJ~I TeveHGiIR II MCTAHHOrO ra3oco- 

AepHtaHHf?, HO BbI3bIBaeT CyWWTBeHHOe yBWIHWHIle IW~paBJIMWCKOrO COnPOTHBJEHLIfl 

KOJlbqeBOrO KaHana. 
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ratio of the volume of gas flow to the 
volume of mixture flow ; 
water and air weight flow rates ; 

= H, gas content by weight in 

flow;p 
specific weights of water and air; 
= y1 - P(yl - y2), specific weight of 
mixture in flow ; 

27cr1 n 
= ~ circumferential velocity 

60 ’ 
of internal cylinder rotation; 
coefficient of hydraulic resistance 
for the flow of one of the phases of 
the mixture with Re equal to Re of 
the mixture ; 
hydraulic resistance of the passage 
to the flow of mixture ; 

A 
= cm relative resistance ; 

WkJ 

phase viscosity ratio ; 
phase specific weights ratio ; 
true volume gas content equal to 
the ratio of the area occupied by gas 
to the total area of annulus cross- 
section. 
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THE investigations of flow of gas-mixtures mixture over the range of variations of the rota- 
through passages of various shapes are of great tional speed n from 0 to 500 rev/min, the true 
scientific value and of practical importance. volume gas content 9 from O-0 to O-35, and 

At present a large number of works relating to Fr,, = 5 to 20, with the pressure in the passage 
this subject is available. of 1.2 kg/cm’, and Recm = 104. 

At this time great interest is being shown in the In the apparatus employed an annular gap 
study of gas-liquid flow dynamics in an annular was formed between an internal rotating metal 
passage formed by concentrical tubes, but the cylinder and an external stationary tube made of 
number of works dealing with this problem is transparent plastic. The external diameter of the 
small. The situation is even worse with regard to inner cylinder was 88 mm, the internal one of the 
the investigations of flow processes of gas- outer cylinder, 116 mm. The total length of the 
liquid mixtures in annular passages with a passage with entrance region was 1250 mm. 
rotating internal cylinder. To carry out visual investigations, the inner 

In some instances it appears necessary to de- cylinder was covered with black varnish, and 
termine the friction losses in the annulus with a the outer one was carefully polished. The relative 
rotating internal cylinder for the flows of a roughness of the surfaces in the working annular 
gas-liquid mixture, in particular, an air-water passage was r,/K = 10000 to 12000. 
mixture. A special chamber was provided to ensure 

As far as we know, no results of this sort are uniform water supply to the annular passage, 
available in print or from other sources. which was vertical, and the flow was upwards. 

From the experimental and theoretical in- The liquid was circulated by means of a rotary 
vestigations [S-lo] of turbulent flow in smooth pump rated 3 l/s. The steady supply of water to 
annular passages with a rotating internal cylin- the annular passage was provided by a constant 
der, one would expect that in the case of a two- level tank. 
phase mixture flow, the rotation of the internal At the inlet to the working section were 
cylinder would produce an increase in the mounted a mixer and a ring made of a length of 
hydraulic resistance of the channel. brass tube with twelve unions through which air 

In this connection it is not clear whether the was supplied to the liquid. This arrangement pro- 
influences of the centrifugal effect and that of the vided uniform supply of air over the whole cir- 
tangential friction forces are identical in the cases cumference of the annular passage. 
of single and two-phase flows. It is rather diffi- Holes for static pressure tappings were made 
cult to answer this question without an experi- every 100 mm along the outer cylinder. 
ment since, to begin with, we have no clear idea The distribution of the static pressure along 
of the local structure of the two-phase flow in the the passage length was measured by an inclined 
cross-section of the passage. multi-tube manometer, the water flow was ob- 

For the above reasons we began the experi- tained by weighing, and that of the air, by means 
mental study of this kind of flow. of a flowmeter ; the rotational speed of the inner 

Experiments show [7] that, in an annular cylinder was measured by a hand tachometer, the 
passage with axial flow of liquid and rotation of temperature of water at the inlet and outlet of 
the internal cylinder, the flow has a rather com- the working section was controlled by mercury 
plicated structure. This becomes even more com- thermometers. In a study of two-phase flows the 
plicated in the presence of the gas phase. measurement of static pressure is particularly 

In the present paper, data are reported of difhcutt, because of the large pressure fluctua- 
experimental studies of the hydraulic resistance tions which may exceed the static pressure drop. 
in a vertical annular passage with a rotating To prevent this, special compensation bulbs 
cylinder and ascending flow of an air-water made of transparent plastic were used for visual 
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observation of degassing of the liquid flowing 
into the manometer. Also small bore supply 
hoses were employed. All this provided large 
damping of the pressure tappings system and 
allowed sufficiently accurate measurements of 
the frictional losses. 

The true gas content was determined by the 
use of gamma-raying [3-51. This method allowed 
the mean values of the true gas content to be 
found for any place in the working section, For 
this purpose a special device was designed with 
thallium-203 as an isotope. Gamma-raying was 
performed on the hydrodynamically stabilized 
section both with and without rotation of the 
internal cylinder over the whole area of the 
passage cross-section. 

Before studying the influence of rotation of 
the internal cylinder upon the hydraulic resist- 
ance and true gas content in the annular passage, 
we first investigated the hydraulic resistance in 
the annular passage and evaluated the true gas 
content when the walls were stationary. 

Certain common laws were established for 
the flows of gas-liquid mixtures in circular tubes 
and in annular passages. 

It was found that, within the range of the 
experimental accuracy (approx. 10-15 per cent), 
for a gas-liquid mixture the hydraulic resistance 
in an annular passage was equal to that in a 
circular tube of an equivalent diameter. 

In the study of the hydrodynamics of two- 
phase Ilow the main problem was to find the de- 
pendence of the resistance coefficient A,,,, and 
the true gas content cp on a number of dimen- 
sionless parameters. 

Teletov [l, 21 established first the general 
differential equations describing the hydro- 
dynamics of two-phase mixtures, and on these 
bases derived dimensionless similarity numbers 
for such flows. He also proposed a more funda- 
mental method for the treatment ofexperimental 
data in the following form : 

~ = $@, Fr,,, j&j. . . etc.) 
Wc,,) 

The aim of the present study was to determine 

the influence of the rotation of the inner cylinder 
on the true gas content, the hydraulic resistance 
and the structure of the mixture flow. By analogy 
with the one-phase flow under similar conditions 
[7-91 one can suppose that again the twist 
coefficient vg/vcmr i.e. the ratio of the rotational 
speed of the internal cylinder to the axial flow 
rate of the mixture, will be the dimensionless 
parameter upon which depend the unknown 
values, other parameters being constant. 

In the experiments, the authors sought to keep 
Reemr ,ii, Fr,, and j, while the rotational speed 
up of the internal cylinder was varied. 

The study of the influence of the rotation of 
the internal cylinder on the hydraulic resistance, 
structure and true gas content was carried out in 
the following way. 

First, a steady-state flow regime of the mixture 
with the given values v,, and cp was produced in 
the test section of the apparatus while the inner 
cylinder remained stationary. 

The desired values of v, and cp were set by 
adjusting the water and air flows. The pressure 
drops AP were measured along the working 
section L and the structure of the flow was 
cin~-photographed. Next the inner cylinder was 
rotated with the required circumferential speed 
uq, cp and AP, were measured again and the 
flow structure in the field of centrifugal forces 
was recorded. It appeared impossible to find 
any significant influence of the rotation upon 
the true gas content within the studied range of 
variations of cp and rotational speed v,, Only 
a slight increase, no higher than l&15 per 
cent, was observed with the increase of the rota- 
tional speed, as can be seen in Figs. 1 and 3. 

This fact leads one to think that the structure 
of the gas-liquid flow did not suffer any sub- 
stantial changes either. 

This conclusion is supported by the visual 
observations and filming of the flow structure 
carried out by the present authors. The flow 
patterns of a gas-liquid mixture, in dispersed 
and slug flow, which are most typical in practice 
have been studied. 

In Fig. 2 positions 1 and 2 refer to a dispersed 
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FIG. I. The influence of rotation of the internal cylinder upon 
the related coefficient of resistance with diNerent true volume 

gas contents. 

Taylor vortices is possible in a gas-liquid mixture 
flow. This question is of practical importance for 
a number of technological processes (separation, 
centrifuging, etc.). It was found that in a dis- 
persed regime when uJv,, > 5 Taylor vortices 
were also formed in the flow. In that case the air 
phase concentrated in the regions between the 
vortices where the velocities on the periphery of 
the vortices were directed towards the walls of 
the external cylinder. The visual picture of the 
air distribution between the Taylor vortices is 
shown in Fig. 2, position 6. 

The results of the experimental study of the 
hydraulic resistance in the annular passage with 
the rotating inner cylinder are shown in Figs. 1, 
3 and 4. 

Rotation of the inner cylinder led to an in- 
crease of the hydraulic resistance. But its de- 
pendence upon the rotational speed remained 

A vp=2*39 m/s 0 yO+2 m/s 
" 
x 2.0 

0 vv= 1.84 m/s o v;O.82 m/s ‘I 

0 +=I-38 m/s l Yp” 0 p b3 

FIG. 3. The influence of rotation of the internal cylinder W /_-/ 
upon the related coefficient of resistance in an annulus with lo’ 

different volume gas contents in the flow. 
0.5 

0 0.3 I-O l-3 2.0 2.3 

V,lVcm 

fiow at n = 0 and n = 500 rev/min, respectively, 0 p so21 b V SO.33 

and positions 3 and 4 to a slug flow at n = 0 and 0 $9 =@27 D p=O.38 

n = 500 rev/min. FIG. 4. Ratio of resistance coefficients f,,.,,,/~(Re_,,) vs. the 

The examination of these pictures confirms speed of rotation of the internal cylinder rotation with 

the conclusion that there is a slight influence of 
various gas cOntentS 

I. according to [S] and [lo] cp = 0 in homogeneous liquid 
rotation upon the structure of the two-phase now. 

flow within the range of variations of cp from 
0 to @35 and n from 0 to 500 rev/min, at rl/rz = 
0*758. However, it should be mentioned that in almost similar to that of the case of the cylinder 
one-phase flows with a certain ratio v& (u is the rotation in one-phase medium. In Fig. 1 the 
one-phase flow rate) Taylor vortices [6, 71 are co-ordinates $ = f(p) represent the dependence 
formed in a gap. These have right- and left-hand of the related resistance coefficient upon the 
rotations and their circulation axes lie in the speed of the inner cylinder rotation. In this figure 
planes perpendicular to the axis of the annulus. the lowest curve corresponds to the zero speed 
(Fig. 2, position 5.) of rotation. The experimental points above 

The question arises whether the onset of correspond to various rotational speeds of the 
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FIG. 2. Structure of gas-liquid mixture flow in an annulus. 
1. Dispersed flow at n = 0. 
2. Dispersed flow at it = 500 rev/min. 
3. Slug flow regime at IZ = 0. 
4. Slug flow regime at n = 500. rev/min. 
5. One-phase flow with Taylor vortices. 
6. Gas-liquid mixture flow with Taylor vortices. 

at Re, = 8 x lo*; Recm = 104. 

H.M. 
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inner cylinder. As it can be seen from this picture, 
the hydraulic resistance increases with the in- 
crease of the rotational speed. The curves con- 
necting the points corresponding to u. = const. 
are equidistant from the curve for cp = 0, which 
shows the similarity of laws of flow in both cases. 
In Fig. 3 the graph plotted as @ = f(b) proves 
the same. In other words, no specific influence 
was found of the rotation upon the two-phase 
flow in contrast to the case of one-phase flow, 
within the studied range of variations of gas 
content and rotational speed. It therefore can be 
expected that the dependence of resistance on the 
rotational speed of the inner cylinder in a gas- 
liquid flow will be similar to that for one-phase 
flow. 

In Fig. 4 are plotted the values of the ratio of 
the coefficient &,, of the annulus resistance to 
the flow of the gas-liquid mixture with a rotating 
inner cylinder, to the coefficient 3.(Re,) of the 
same annulus to the homogeneous flow along 
the axis without rotation, versus the so-called 
twist coefficient v&,. 

The value &, can be expressed as follows : 

The graph in Fig. 4 can be used to estimate the 
influence of the internal cylinder rotation upon 
the coefficient of the hydraulic resistance in the 
annulus with gas-liquid mixture flow, within 
the studied range of variation of the parameters. 

The investigations were carried out for one 
value of r1/r2 = 0.758 only. This occurs often in 

a number of branches of industry (oil and 
chemicals). 

Can one consider these conclusions valid for 
other values of r1/r2 which are different from 
the one studied? It is difficult to answer this 
question at present without further experimental 
studies. However, it may be inferred from the 
study of the gap-size effect in the one-phase flow 
that the authors’ conclusions remain valid with- 
in a fairly wide range, i.e. 0.5 < r-,/r2 < 0.8. 
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Abstract-The results of visual investigation are reported for two-phase dispersed and slug flows, and the 
data are given on the influence of the inner cylinder rotation upon the hydraulic resistance and true gas 
content in an annular passage. 

It was found that within the range of the mixture Re numbers studied, the true gas contents and the ro- 
tational speeds of the inner cylinder, the rotation does not significantly change the flow structure and the 

gas content, but it does raise substantially the hydraulic resistance in the annulus. 

R&sum-Les rtsultats d’une etude visuelle pour les ecoulements diphasiques disperses et en bloc sont 
exposes ainsi que ceux donnant I’influence de la rotation du cylindre interieur sur la perte de charge et la 
veritable proportion de gaz dans une conduite annulaire. 
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On a trouvC que dam la gamme etudite des nombres de Reynolds du mklange, des viritables proportions 
de gaz et des vitesses de rotation du cylindre inttrieur, la rotation ne change pas d’une faGon sensible la 
structure de I’tcoulement et la proportion de gaz, mais augmente d’une faGon importante la perte de charge 

dans la conduite annulaire. 

Zusammenfassung-Fiir die Strijmung zweier Phasen in vermischter Form oder als Kolbenstriimung wer- 
de? die Ergebnisse einer visuellen Untersuchung mitgeteilt. Der Einfluss auf den hydraulischen Widerstand 
infolge der Rotation des inneren Zylinders und des wahren Gasgehalts im Ringraum ist angegeben. 

Es zeigte sich, dass im Bereich der untersuchten Reynolds-Zahlen des Gemisches, des wahren Gasge- 
halts und der Rotationsgeschwindigkeiten des Innenzylinders die Strijmungsstruktur und der Gasgehalt 
durch die Rotation nicht merklich verLndert werden, der hydraulische Widerstand im Ringspalt sich aber 

hetrachtlich erhiiht 


