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Abstract--For testing the similarity criteria of isothermal gas-liquid flow, the flow of air and a 
water-glycerine mixture in a 50 mm dia horizontal tube is compared with that of helium and water in 
a 5 mm dia tube rotating around a parallel vertical axis (the effective gravity is 113 times the natural 
gravity). The Reynolds number, Froude number, Weber number and gas-liquid density ratio are equal 
in both systems. The test facility, enabling two-phase measurements at centrifugal accelerations up to 1200 
times natural gravity in pipe diameters up to 10 mm is described. The dimensionless pressure drops agree 
within 19% and the absolute differences of the void fraction are < 0.03. Also the flow patterns are in good 
agreement. The influence of the individual dimensionless groups has been investigated experimentally and 
comparisons are presented with general pressure drop and void fraction correlations. 

1. I N T R O D U C T I O N  

The prediction of  pressure drop, void fraction and flow pattern during the simultaneous flow of  
liquid and gas or vapour  is necessary for economic design and optimization of  operating conditions 
in the petroleum, power and chemical industry. The use of  similarity criteria in two-phase flow 
assists in the comparison and generalization of data and provides a better understanding of  how 
to deal with two-phase flow. While similarity criteria for flows of  single-phase fluids have been 
well-established and modelling using these criteria has long been an accepted practice, such 
determination for two-phase mixtures has been hampered by conflicting and incomplete formu- 
lations of  the basic equations. However, if only relatively simple two-phase flows are considered, 
i.e. isothermal flow without mass transfer, similarity criteria can be developed in a rigorous way 
from the governing equations and boundary conditions (Chesters 1975). In themselves the 
similarity criteria do not provide a relation for predicting pressure drop or flow pattern. However, 
once the relationship is found (analytically or from experimental data) for one system, the 
conditions of  dynamic similarity require the same relationship to apply to all similar systems. 
Chesters (1977) showed that a considerable length scale down factor can only be realized if the 
gravitational force in the model is several hundred times earth gravity. The latter can be achieved 
by rotating the tube with the two-phase flow around a parallel vertical axis. The direction of  the 
centrifugal force is normal to the tube axis, which restricts the method to horizontal or nearly 
horizontal flow. 

A centrifuge facility has been built which enables unique measurements of  pressure drop, void 
fraction and flow pattern in gas-liquid flows at gravities up to 1200 times natural gravity. For  
testing the similarity criteria the pressure drop, void fraction and flow pattern in a 50 mm stationary 
test section are compared with those measured in a 5 mm rotating test section. The system pressure, 
temperature and rotation rate are chosen in such a way that dimensionless groups can be varied 
relatively easy. Much attention is paid to the geometrical similarity of  the two test sections. The 
test facilities and experiments are described in detail:~ by Geraets (1986). 

2. S C A L I N G  OF I S O T H E R M A L  T W O - P H A S E  FLOW 

2.1. S imi lar i ty  criteria 

Consider two systems with an isothermal two-phase flow of a gas and a liquid, having the same 
dimensionless initial and boundary conditions at all dimensionless times. For  a horizontal tube, 
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for instance, the two requirements imply that the systems must be geometrical similar and the same 
ratio of the gas and liquid volume flow rates must be applied. Besides equality of any imposed 
distributions of velocity and pressure and of the ratio of gas to liquid velocities, dynamic similarity 
of the two flows requires equality of the six dimensionless parameters (Chesters 1975): 

Re = --=PL UL equal Reynolds number 
~L 

We = PL U2L = equal Weber number 
tr 

U 2 
Fr = ~-~ = equal Froude number 

Eu = PG,char = equal 
PL U2 

Euler number 

]'/G 
- - =  equal gas-liquid viscosity ratio 

PG, char e q u a l  gas-liquid density ratio, 
PL 

where p, p,/~, g and a denote, respectively, pressure, density, dynamic viscosity, acceleration due 
to gravity and surface tension; L is a characteristic length, chosen to be the diameter of the tube; 
U is a characteristic velocity, chosen to be the superficial liquid velocity (=liquid volume flow 
divided by the cross-sectional area of the tube). The subscripts G and L denote gas and liquid and 
char refers to a characteristic spot in the flow (here a spot in the gas outlet of the separator is 
chosen). 

The first five parameters arise from the conventional governing equations, the last one from the 
boundary conditions. Any one of the six parameters may of course be replaced by any combination 
of itself with the others. From the first three parameters (Reynolds, Weber and Froude) the scale 
factors for length L2/LI, velocity U2/U~ and viscosity (~ tL)2 / (~L)  I c a n  be derived (1 indicates the 
original flow, 2 the model flow): 

We Z 2 pLg 
- - - -  leads to equal Fr tr 

leads to 

[1] 

[2] 

[3] 

[4] 

[5] 

[6] 

equal We x F r -  U4pL 
ga 

kPL/I 

- \ E :  " [8] 
UI 

\PLJI 

1/2 1/2 equal R e 4 F r -  pra3 (#r)2 (Pra)~/~{L2"~ . 
We 3 g#4 - Q leads to - -  - [9] (/~r), (PLa)I,/2\LJ ' 

Q is the liquid-property number, so-called since for constant g it depends solely on the liquid 
properties. The remaining three requirements determine the scale factor for pressure, mean 
molecular weight and gas viscosity: 

equal Pc.ohar leads to (PG.cha,)2 = (apE)2 Lt. [10] 
PL U2 (PG,char)l (O'PL)l L2' 

equal PG,char leads to M2 = \ tz /2 L2. [11] 
PL M, (TpL ~ L , ' 
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and by means of [10] and the perfect gas law: PG/Po = R T / M  (R = gas constant, T = temperature, 
M = mean molecular weight, here the masses in kg/mol are used), 

equal #._9q leads to (/~G)2=(/~L)2 [12] 
/'~L (~G) I  (~2L)I " 

2.2. Satisfaction of the criteria 

For g constant only certain liquids can scale each other and the choice of the scalant liquid 
completely determines the length and velocity scale factors. I fg  is variable, as can be achieved with 
a rotating model, or if some of the parameters are unimportant, the situation becomes more flexible 
(Chesters 1977). If we assume that (a/pL) t/2 of the model fluid and original fluid do not differ very 
much (for most liquids: 3 x 10-3m3/2/s <(a/pL) 1/2 <9  X 10-3ma/2/s) then the length scale factor 
becomes L2/L1 = (gl/g:)t/2. The consequences for the other scale factor are given below. 

Equation [8] requires a velocity in the model which is about (L~/L~) ~/2 greater than in the original 
flow. According to [9], the model fluid should have a considerably lower dynamic viscosity--which 
presents no problems unless the viscosity of the original liquid is low (<10-3Pa.s). The 
requirement [10] leads to a greater absolute pressure in the model and [11] indicates that the model 
gas should ideally have a much lower molecular weight than the original gas. This will often not 
be possible since a molecular weight < 2 is unattainable. In this event one of the two basic 
requirements pG/PG U2= equal or PG,char/PL "= equal must be dropped. The present method is 
restricted in its applicability to approximately horizontal flows where both expansion and pressure 
waves will often be negligible, certainly with regard to their influence on the local flow pattern. 

Equality of the density ratio takes account of the influences of gas inertial forces on the liquid 
flow, which largely determine the development of interfacial waves. If the modelling of com- 
pressibility is relinquished the pressure scaling requirement [10] disappears. The requirement of 
equal density ratio can now be satisfied by adapting the scale factor for absolute pressure. 
Equations [10] and [1 l] are then replaced by 

Finally, [12] requires a model gas with a much lower viscosity than the gas of the original system. 
Because of the relatively small variation of/~ among gases (10 x 10 -6 < / t  G < 30 x 10 -6 Pa.s) and 
the limitations on the choice of gases imposed by [13], it will generally not be possible to satisfy 
this requirement. The influence of gas viscosity in many two-phase flows is very slight however. 

2.3. Consequences of the use of  rotation to increase gravity 

For reasons of symmetry the axis of rotation is chosen to be vertical, parallel to the direction 
of natural gravitational acceleration. For the body force per unit mass of the fluid, g, to be 
approximately constant over the flow concerned, this flow may only have appreciable extension 
in the direction parallel to the axis of rotation and not in the radial direction. This confines the 
method of scaling to approximately horizontal flows: D/R << 1, where D is the diameter of the tube 
and R is the perpendicular distance from the test section to the axis of rotation. From D ,~ 0.005 m 
and R ~ 0.5 m the ratio D/R becomes 0.01, which might be small enough to neglect the variation 
of the gravity in the radial direction. The flow direction is chosen to be downwards in the direction 
of the natural gravity. In order to fulfil the requirement of geometrical similarity the original 
large-scale flow is subjected to the same downward inclination as the model flow. 

Due to lateral velocity fluctuations, coriolis forces arise. The largest fluctuations are to be 
expected in the direction of the gravity and the coriolis forces are then directed normal to the main 
flow and gravity. In the worst-case situation (high flow rates with intermittent flow patterns) the 
coriolis forces can be up to 15% of the centrifugal force; the experimental results are suspect then. 
At the flow rates the coriolis forces are negligible. 
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2.4. Test conditions 
It is desirable to use water in the rotating test section to prevent changing of  the fluid properties 

by leakage of  cooling water into the circuit. For  the large-scale flow a mixture of water and 
glycerine at 20°C is used. The required viscosity of  the mixture is calculated from [9]. The factor 
(apL)I/2/(txpt)~/2 ranges from 1.00 to 1.06 for all possible mixtures of water and glycerine. Hence, 
to the first approximation: (PL)~ "~ 1.03 (ltL)2(Lt/L2) 112= 3.3 x 10 -3 Pa.s, which corresponds to a 
solution of  38% glycerine by wt. For  calculations Ll = 49.8 x 10 -3 m and L2 = 4.89 x 10 -3 m are 
used. The effective gravitational acceleration in the model can be calculated from [7]: g2/g~ = 113, 
which requires a rotation rate of  460 rpm. By means of  [8] the velocity scale factor becomes 
U:/U~ = 3.33. The frequency scale factor is (U2/L2)/(U1/Ll ) = 33.8. All processes in the model flow 
are a factor of 33.8 faster than those in the original flow. The ideal ratio of  the molecular weight 
is 0.090 according to [11]. With helium ( M = 4  x 10-3kg/mol) in the model flow and 
carbon dioxide (M = 44 x I0-3 kg/mol) in the original flow this value would almost be obtained. 
However, because of  the high flow rates in the 50 mm section it is preferable to use air 
(M = 29 x 1 0  - 3  kg/mol) instead of  carbon dioxide. In this case M2/MI = 0.138. The scale factor 
for the absolute pressure [14] becomes (PGxhar)2/(Pc.char)~ = 6.61. The ratio of  the Euler number now 
is Eu2/Eu~ = 0.66. The absolute pressure in either the stationary test section or rotating test section 
can however be chosen freely. High pressure (2.95 MPa) is applied to the rotating test section so 
that high centrifugal accelerations are practicable. The system pressure must be always higher than 
the (hydrostatic) pressure drop pLCO2R2/2 in the radial part of the rotor (see figure 2), otherwise 
an undesirable under pressure in the liquid circuit arises. The last requirement of  equal viscosity 
ratio [12] cannot be fulfilled. The dynamic viscosity of helium is about three times the ideal value. 
The scale factor for the pressure drop Ap/AL, calculated from [4], is 103. 

Summarizing. A two-phase flow of air-water/38% glycerine in a 50mm dia pipe with a 
downward inclination of  1 : 113 and an absolute pressure of  0.44 MPa is scaled with a helium-water 
flow in a 5 mm dia tube at 2.95 MPa and a gravity of  113 times natural gravity. Of the six similarity 
parameters the Reynolds number, the Froude number, the Weber number and the density ratio 
are equal in both systems. The mismatch of the Euler number is 0.66 and that of the viscosity 
ratio 3.57. 

3. THE TEST F A C I L I T Y  FOR TWO-PHASE E X P E R I M E N T S  
AT INCREASED  GRAVITY 

3.1. The centrifuge facility 
The main components of  the centrifuge facility are (see figure 1): 

- - T h e  rotor with the test section (placed parallel to the vertical shaft). 
- - T h e  protection cylinder with bearings in the cover and bottom. 
- - T h e  V-belt drive and flexible couplings 
- - T h e  mechanical seals for having a leakage-free passage of  the liquid and gas from 

the stationary part to the rotating part of  the circuit. 
- - T h e  slip rings for output of  electrical signals. 

The rotor with the test section is depicted in figures 2 and 3. For cost and manufacturing reasons 
the diameter of  the rotor is limited to 1 m. The length is 2 m, so that a 10 mm dia test section with 
sufficient length/diameter ratio (200) can be used. In this investigation a 5 mm dia tube is applied 
and only half of the total length is therefore in use. The rotation speed can be varied continuously 
between 0 and 1400 rpm. 

3.2. The rotating test circuit 
The main components of  the rotating circuit are shown in figure 3. From the seals liquid and 

gas flow upward in the central lines to the top of  the rotor, where the circuit can be vented. After 
the radial section, where the pressure increases due to the hydrostatic pressure rise, the liquid flows 
downward in a 10 mm dia tube 1 m long. At the start of  the 10 mm section the liquid velocity is 
raised with a venturi to prevent back-flow of  gas at low flow rates. In the mixing section gas is 
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Figure 1. The centrifuge facility. 

added to the liquid. No special demands are imposed on the geometry, only the similarity with 
the 50 mm test section is of interest. 

The pressure is transmitted from the taps through liquid-filled lines to the pressure difference 
transducer which is mounted in the top of the shaft. Pressure differences ranging from 0.5 to 
100 kPa can be measured with an accuracy of 2% of the measured value. Rotation of the transducer 
does not affect the sensitivity (< 0.1%), only a drift in the offset directly proportional to (0  2 O c c u r s .  

The single-phase pressure drop is frequently checked during rotation and standstill. The difference 
between the measured value and the calculated value from the Blasius equation is always < 4%. 
For obtaining the frictional multiplier, ~ ,  the total pressure drop is first corrected for the 
elevational pressure drop (with the help of the measured void fraction) and then divided by the 
calculated single-phase liquid pressure drop. Because of the low flow rates and the high operating 
pressure the pressure drop due to expansion can be ignored. 

The entrance of the test section in the separator is chosen in such a way that with a half-filled 
separator the centre of the tube is l0 mm below the liquid level. In the ring-shaped separator 
(dia = 36 mm) liquid and gas flow in a circumferential direction. After a quarter of one revolution 
the liquid is extracted at the bottom of the tube close to the outerside of the ring and the gas at 
the top close to the inside of the ring, see figure 2. After the separator the fluids flow via the radial 
lines and the lines in the rotor shaft back to the seals. 
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Figure 2. The rotor. 

3.3. Measurement of the void fraction and the flow pattern 
A new instrument has been developed for measuring void fractions in two-phase pipeflow. An 

extensive description of the void sensors is given in the accompanying paper (Geraets & Borst 1988) 
and by Geraets (1986). To allow accurate comparisons the same method is used in both the 5 and 
50 mm test sections. The two sensors are geometrically similar and the calibration curves are very 
alike. The principle of the device is based on the measurement of the electrical capacitance of the 
two-phase mixture. The active length of the sensor is 2riD ~ 6 dia. The electrode configuration 
consists of a helical cross capacitor by which spatial averaging is automatically realized. For 
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comparing two flows the time-averaged value of the measured electrical capacitance is used for 
calculating the time-averaged void fraction ~. In the experimental region of interest the maximum 
absolute error of the void fraction is + 0.03 for stratified and intermittent flows (Geraets & Borst 
1988). 

The instantaneous output signal of the capacitance meter, which is a measure for the void 
fraction in the sensor volume, is used for flow pattern identification. The signal of the capacitance 
meter is recorded with a digital oscilloscope; the sample frequency being 0.2 kHz for the 50 mm 
sensor and 10 kHz for the 5 mm sensor. Because the calibration curves for the two geometrically 
similar sensors are almost equal, the time-varying output signal will be the same if the flow patterns 
are the same. Figure 7 shows some recorded signals. For stratified flow the distribution of the 
phases in a cross-sectional plane does not change with time and hence the void fraction is constant. 
In this study the flow is called plug (PL) if the sensor is completely filled during the passage of 
a "liquid wave" and the recorded void fluctuations look like a block signal. If the sensor is not 
completely filled during the passage of the "liquid wave" then the flow is called slug (SL) and the 
output signals resembles a sawtooth. If the output signal is alternating between a block and 
sawtooth signal then the flow is indicated by PS (plug or slug). The intermittent flow pattern are 
defined in this way solely for ease of comparison of the two flows. The semi-annular (SA) flow 
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pattern is characterized by a thick liquid layer on the bottom and a thin film at the top. The 
fluctuations in the void signal are caused by waves on the liquid surface and the passage of  small 
frothy slugs. The slug and plug frequencies are determined simply by counting the peaks in the 
void signal. This is justified here because the frequencies are sufficiently low. The distance between 
two slugs is always larger than the axial extension of  the sensor. 

3.4. The liquid and gas circuit 

Liquid is circulated by an eight-stage centrifugal pump at a maximum operating pressure of 
4 MPa. Before the liquid enters the seal unit it is filtered and brought to the desired temperature 
with the help of a tubular heat exchanger. 

A facility was built for blowing any gas or gas mixture through the test section at a maximum 
operating pressure of  4 MPa. The gas to be circulated is stored in a balloon (1.3 m 3) which is 
enclosed by a pressure vessel. By turning on the regulating valve, gas flows from the supply balloon 
via the seals and the rotating test section to a collecting balloon (3 m 3) which is enclosed by a 
pressure vessel. The pressure at the collecting balloon is kept constant by means of  a large buffer 
vessel (capacity 70 m3). With a full supply balloon the experiments can be run continuously for 
almost 2 h at a medium flow rate. The gas is pumped from the collecting balloon back to the supply 
balloon and the same amount of  gas can be used several times. Before the gas flows into the test 
section it is filtered and if necessary heated by electric heating elements. After the test section the 
gas is dried and filtered. Temperature and pressure are measured in front of  the flow meter and 
in the gas inlet and outlet. If helium or a helium-air mixture is used, the percentage of air is 
measured with a gas analyser. 

The liquid and gas mass flow rates are measured with integral orifices. Needle valves, located 
downstream of  the flow meters are used for regulating the flow rate. The flow meters are calibrated 
very conscienciously and checked frequently. 

3. 5. General procedure for measurements 

The experiments are carried out in two periods each of about 3 weeks. Before and after a testing 
period the pressure difference transducer, the void sensor, the pressure gauges, the gas analyser and 
the flow meters are calibrated and the leakage of  the rotating circuit is checked. 

Before a two-phase flow is adjusted the pressure drop with liquid alone flowing through the test 
section is always measured and compared with the calculated value from the Blasius equation. The 
deviation is always < + 4%. Then a two-phase flow is adjusted and for at least 30 s the averaged 
values (averaging time = 10 s) of  the output signals of the differential pressure transducer, the void 
meter and the flow meters are measured. Three recordings are sufficient to obtain a reliable 
time-averaged value of the pressure drop and void fraction. The difference between two 
measurements is always < 3% for the pressure drop and <0.01 for the void fraction. At the start 
and the end of  the run, recordings are made of  the rotation speed and the pressure and temperature 
in the gas outlet, liquid outlet and at the gas flow meter. 

The experiments were repeated on different days and in different weeks. The reproducibility of  
the frictional multiplier is _+ 5% and that of  the void fraction measurement is _+0.02. In 12 out 
of  18 adjusted flows the reproducibility of the frictional multiplier is even better: _+ 2%. 

4. D E S C R I P T I O N  OF THE 50 mm TEST F A C I L I T Y  

A sketch of  the test section is given in figure 4. Much attention was paid to the geometrical 
similarity of the 50 and 5 mm test sections: 

- - T h e  same length/diameter ratio (200) is used. 
- - T h e  same inlet geometry is applied. The angle of  the gas inlet to the direction of  

the main flow is 26 °. The diameter of the gas inlet is 0.45D (D = d i a  test section). 
- - T h e  same outlet condition is valid: the liquid level in the separator is always above 

the entrance of the test section in the separator. 
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---The same dimensionless distance, 40D, between the pressure taps is used. 
- - T h e  same type of  void sensor is applied 

For  the 50 mm test section the same equipment is used for circulating and conditioning the fluids 
as used for the 5 mm section. 

4.1. Preliminary experiments 

To fulfil the requirement of  geometrical similarity the experiments are performed at a small 
downward inclination (1:113). By varying the effective gravitational acceleration in the rotating 
test section not only the Froude number is changed but also the inclination angle. To distinguish 
between the true Froude effect and the slope effect, the influence of the inclination of  the tube on 
the pressure drop and flow pattern was first studied in the 50 mm section. Results from a horizontal 
test section are compared with those from the inclined section. It revealed that the pressure drop 
is only affected if the flow pattern is influenced and this only happens at low flow velocities (test 
conditions all , al2 , a21 , a22 and a31, see table 1). At downward inclinations there is a preponderance 
of the stratified regime, which is in agreement with the results of  Barnea et al. (1980). 

5. E X P E R I M E N T A L  RESULTS:  C E N T R I F U G A L  S CA LIN G  

5.1. Ideal scaling 

Eighteen test conditions (indicated by ao.) are examined, composed of four liquid velocities (the 
first subscript) and five gas velocities (the second subscript). Altogether 181 data are used and each 
test condition is adjusted at least 5 times. The results of  experiments are given in table 1. Pressure 
drops, measured on different days and in different weeks agree within + 5%, void fraction within 
+ 0.02 (absolute units). 

As can be seen from figure 5 the agreement of  the frictional pressure drop is very good. Only 
at two test conditions with low fluid velocities, a,1 (V)  and a2i ( I )  is the difference >20%.  The 
closed symbols indicate a stratified flow pattern. If stratified flow situations are not considered, the 
largest deviations are + 5% and - 19%. The large differences at low fluid velocities with a stratified 
flow pattern are due to the specific construction details of the system, such as the entrance 
condition, the exit condition, vibrations of  the system etc. 

The time-averaged void fraction of  the 5 and 50 mm tests differ < 0.03 if stratified flow patterns 
(indicated by the closed symbols) are not considered, see table 1 and figure 6. At low fluid velocities 
back-flow of  liquid from the separator is observed in the 50 mm test section. This may cause the 
observed deviations at stratified flow situations. 

The flow pattern is deduced from the time-varying void signals in the manner described in 
subsection 3.3. Figure 7 shows some signals of the 50 and 5 mm sensors. Both the qualitative (flow 
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Figure 5. Comparison of  the frictional multiplier; closed symbols indicate stratified flow. 

pattern) and the quantitative (absolute values of the void fraction) agreement is very striking. Only 
in one case, which is close to a flow pattern transition [test condition as, (O)], is the flow pattern 
different. By increasing the liquid velocity in the 50mm section by only 10% plug flow is 
obtained. Possibly the transition in the rotating test section is triggered by vibrations of the system. 

The plug and slug frequencies are determined simply by counting the peaks in the void signals. 
The reproducibility is _ 10%. Countings carried out by different persons produce the same result 
within 5%. The observations in the transparent 50 mm section differ < 10% from the countings 

Table 1. Test conditions and experimental results of  ideal scaling 

Test condition (UL)5O (Uo)5o (UL)5 (UG)5 (~ 2L)50 (~/~ 2 )5 (~)50 (~)5 FPso FPs 

all 0.175 0.32 0.58 1.07 3.1 0.45 0.62 0.28 SS SS 
a,2 0.175 1.02 0.58 3.36 3.3 3.72 0.63 0.50 SS SS 
at4 0.175 3.49 0.58 11.6 8.7 8.7 0.70 0.71 SW SW 
a~5 0.175 10.5 0.58 34.9 41.2 38.4 0.83 0.84 SA SA 

a21 0.392 0.32 1.29 1.07 1.46 0.90 0.31 0.24 SS SS 
a22 0.392 1.02 1.29 3.36 3.00 2.42 0.53 0.53 PL PL 
a2s 0.392 2.13 1.29 7.06 4.3 3.78 0.59 0.60 PS PS 
a24 0.392 3.49 1.29 11.6 6.0 5.3 0.64 0.65 SL SL 
a25 0.392 10.5 1.29 34.9 20.7 17.9 0.77 0.79 SA SA 

a31 0.568 0.32 1.88 1.07 1.03 1.16 0.13 0.22 SS PL 
aa2 0.568 1.02 1.88 3.36 2.45 2.49 0.48 0.48 PL PL 
a33 0.568 2.13 1.88 7.06 3.30 3.47 0.56 0.57 PS PS 
a~ 0.568 3.49 1.88 11.6 4.4 4.4 0.62 0.62 SL SL 
a3~ 0.568 10.5 1.88 34.9 14.2 14.0 0.75 0.78 SA SA 

a41 1.68 0.32 5.56 1.07 1.23 1.23 0.13 0.10 PL PL 
a,2 1.68 1.02 5.56 3.36 1.61 1.65 0.28 0.28 PL PL 
a43 1.68 2.13 5.56 7.06 2.22 2.25 0.40 0.41 PL PL 
a~ 1.68 3.49 5.56 11.6 2.94 2.98 0.48 0.49 PS PS 

Symbols: a . -a~s ,  V or V;  a2.-a25, [] or I ;  a3~-a35, O or 0 ;  a4~-a. ,  A or A .  Flow pattern: SS = stratified smooth,  
SW = stratified wavy, SA = semi-annular,  PL = plug, SL = slug, PS = plug or slug. ~b~. is the frictional multiplier, ~ is 
the time-averaged void fraction. 
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Figure 6. Comparison of  the time-averaged void fraction; closed symbols indicate stratified flow. 

of the void peaks. In table 2 the plug and slug frequency for the 5 and 50 mm test section and the 
ratio fs/fso are listed. The averaged value of the frequency ratio is 34.5 and the standard deviation 
is 3.2. The theoretical value of the frequency scale factor is (U/L)5/(U/L)5o = 33.8 (!), see subsection 
2.4. The plug frequency of the fluid velocity a2 and a 3 increases with increasing gas velocity, whereas 
at the velocity a4 the reverse occurs. This trend is predicted well by the model for slug frequency 
in horizontal pipes, developed by Taitel & Dukler (1977). 

5.2. Comparison with the literature 

Of the dozens of prediction methods for frictional pressure drop and void fraction published to 
date a few often cited correlations are discussed. Recently, Hewitt (1982) recommended the 
empirical Friedel (1979) and Chrisholm (1973) correlations for calculating frictional pressure drop. 
The region in which a particular correlation should be used was defined by means of the ratio of 
the liquid and gas viscosity and the dimensional total mass velocity (PL UL-Jr-PG UG)- The results 
of the scaling test show that these parameters cannot be used here. The viscosity ratio #O/#L and 
total mass velocity of the 5 mm test are, respectively, a factor of 3.6 and 3.0 larger than those in 
the 50 mm tests, whereas the frictional multiplier is the same. Because of the strong influence of 
the viscosity ratio in the Friedel correlation the predictions for the 5 mm tests are on average 20% 
higher than the predictions for the 50 mm tests. The dimensional Chrisholm correlation, applied 
to the present experiments, predicts values of the frictional multiplier which are in first approxi- 
mation proportional to  (]2L/,UG) 0'12 and inversely proportional to the square root of the mass 
velocity. The predicted values for the 5 mm tests are therefore half the values for the 50 mm tests. 

Table 2. Plug and slug frequencies (s - I)  

a:: a23 a24 a32 a33 a34 a41 a42 a43 a,~l 

f5 11.5 14 24 21 19 29 92 93 61 60 
fs0 ! 0.35 0.45 0.68 0.52 0.50 0.82 2.95 2.57 1.93 1.82 

A - -  i 32.8 31.1 35.1 40.6 38.0 35.5 31.2 36.2 31.6 33.0 
A0 
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Figure 7. Time-varying void signals of  the 50 and 5 mm tests, test conditions a2, (top), a22, a24 and a25. 
The scale of  the vertical axis is not linear. 
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Measurements using water in the 50 mm test section do not differ significantly from the results 
with the water-glycerine mixture, see subsection 5.3.3. 

Figure 8 shows a comparison of the frictional multiplier of the 50 mm tests and the predicted 
values from the Lockhart & Martinelli (1949) correlations, the Friedel (1979) correlation and the 
Dukler case I correlation (Dukler et  al. 1964). 

In table 3 the arithmetic-mean deviation 

and the standard deviation 

are listed. 

n 

n i = l  
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Figure 8. Comparison of the measured frictional multiplier of the 50 mm tests (horizontal axis) and the 
predicted value (vertical axis).  

T a b l e  3. Comparison of predicted pressure drop with the 50 mm 
tests 

Prediction method d x 100% a x 100% 

Lockhart-Martinelli + 52 32 
Fr iede l  + 61 43 
D u k l e r  case  I - 6 21 
D u k l e r  case  II + 23 24 
5 mm tests, test conditions a u - 2  9 
and a21 are not considered 
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The most simple correlation, Dukler case I, is seen to give the best predictions. The complicated 
Friedel correlation shows the largest differences with the 50 mm data. Moreover, the predictions 
of the Friedel correlation for the 5 mm test are 200 larger on average. The agreement of the 5 
and 50 mm experimental data is much better than the predictions of any correlation. Note that 
only the Friedel correlation allows for influences of the Froude number or Weber number. In first 
approximation the frictional multiplier is proportional to Fr -°°45 and We -°'°35. 

The measured void fractions of the 50 mm tests are compared with the empirical correlation of 
Lockhart & Martinelli (1949) and the correlation of Spedding & Chen (1984). Except for test 
condition alt the predicted values are always larger than the measured values. The arithmetic-mean 
deviation 

1 ~ I(~pred. i-- 0~rneas. i)] ~__ +0.04 
n i = i t_ ~ m e a s ,  i ..1 

for the Lockhart-Martinelli correlation and +0.06 for the Spedding-Chen correlation. The 
agreement of the 5 and 50 mm measurements (see figure 6) is much better than the predictions from 
the correlation, with the exception of stratified flow situations. 

To predict flow pattern, frequently dimensional maps are used. Often the superficial velocities 
are used as co-ordinates and the maps depend strongly on the particular data being used to prepare 
them. In general, dimensional prediction methods must fail to predict the flow pattern for the 
original and model flow. Perhaps the most promising approach is that of Taitel & Dukler (1976). 
For horizontal and near horizontal flow the various transitions have been expressed in terms of 
dimensionless groups, essentially being UG/UL, Re, Fr, PG/PL and /AG//A L in addition to the 
inclination angle. In view of the semi-theoretical base and the dimensionless form of the correlation, 
reasonable predictions are to be expected for a wide range of experimental conditions. The 
measured flow pattern and the influence of the inclination angle are predicted well by this method. 

5.3. Variation of  the dimensionless groups 

Despite the mismatch of the gas viscosity, the viscosity in the 5 mm tube is actually too high, 
the agreement of the measurements in the 5 and 50 mm section is good. If the influence of the gas 
viscosity was important, then the frictional multiplier of the 5 mm tests should be higher than that 
of the 50 mm tests, whereas the reverse occurs. 

5.3.1. Influence of the Euler number. Because the value of the Euler number Eu, defined here as 
PG,char/PL U2, is high (100-10,000), the expansion of the gas is small over the distances of interest. 
Consequently, one may expect that the different value of the Euler number for the 5 and 50 mm 
tests (Eus/Eus0 = 0.66) will not affect the results. The Euler number is lowered by a factor of 0.53 
and 0.14 by lowering the gas pressure from 2.95 MPa to 1.55 and 0.40 MPa. In order to retain the 
same density of the gas, the molecular weight is raised by using air (Mair/MHe = 7.1) and a 
helium/air mixture (Mr, ix/MHe = 1.8) instead of helium. The frictional multipliers for the lower 
Euler cases differ < 4% from the value of the ideal scaling situation. Hence as expected its influence 
is small. This result also indicates that acceleration effects are small. 

5.3.2. Influence of  the density ratio. For the rotating test section the effect of the density of the 
gas is tested by using air (Pair~Pile = 7.2) instead of helium. A mixture of helium with 14% air by 
vol (PmiJPH, = 1.8) is also applied. The other dimensionless groups are preserved. In the 50 mm 
test section both the density ratio and the Euler number are lowered by a factor of 0.23 by 
decreasing the pressure from 0.44 MPa to atmospheric. In many two-phase flows the Euler number 
is not an important parameter so that the influence is principally that of the gas density. The other 
dimensionless groups remain unchanged. Only pressure drop and, for the 50 mm section, also flow 
pattern (from visual observations) are measured. 

At low liquid flow rates the influence of the density ratio is considerable. At high liquid flow 
rates the effects are small. The trend is predicted well by the Dukler case I correlation (Dukler et 
al. 1964). 

5.3.3. Influence of  the Reynolds number. In the rotating system the Reynolds number is raised 
by a factor of 2 by decreasing the viscosity of the liquid. Of the remaining dimensionless groups 
the Weber number (+9%), the Euler number (+ 12%) and the viscosity ratio are affected. In the 
50 mm test system the Reynolds number is raised by a factor of 3 by using water instead of a 
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Figure 9. Influence of the Froude number; v = vertical axis, h = horizontal axis; Closed symbols, 
Frv/Frh = 1.77; open symbols, Frv/Frh = 0.46. 

mixture of water and glycerine. Except for the Weber number ( -  11%) and the viscosity ratio the 
other dimensionless groups are preserved. 

The frictional multiplier is hardly affected by the increase of the Reynolds number, the values 
are 4% larger on the average (test conditions with a stratified flow pattern are not taken into 
account). The difference between the void fraction is <0.01 for 29 of the 35 void fraction pairs. 
In one flow situation (condition a2~, 50 mm section) a flow pattern transition from stratified to plug 
is observed. The time-varying void signals show no larger differences than those observed with 
repeated measurements. The slug frequencies determined from the countings of the void peaks 
differ by < 10%. Taking into account the large values of the Reynolds number it is not surprising 
that the actual value does not affect the void fraction and the flow pattern. Only a small layer at 
the wall is influenced. 

5.3.4. Influence of the Froude number. In horizontal flow this number is an important parameter. 
The gravitational forces act on the liquid phase causing it to be displaced towards the bottom of 
the tube. Increasing the relative importance of gravity will lead to a better separation of the phases 
and probably lower pressure drops and lower void fractions. By increasing or decreasing the gravity 
the inclination angle is changed, as a result of which flow pattern transition can be provoked (this 
effect is only important at low flow velocities). The Froude number is varied by a factor of 0.46 
(g = 245 go) and 1.77 (g = 65 go) with respect to the value required for ideal scaling, where go is 
the acceleration due to the natural gravity. The other dimensionless groups are preserved. 

In the high Froude number case, indicated by the closed symbols in figure 9, only pressure drop 
is measured. At the second ( I )  liquid velocity the pressure drop increases 25% on average. At 
the highest flow velocity (A) the differences are small. 

In the low Froude number situation the pressure drop is 15% lower on average and in five flow 
situations the void fraction is decreased by > 0.03. In these cases the largest reduction, about 30%, 
of the pressure drop is observed. In first approximation the pressure drop is proportional to Fr °3. 

As can be seen from figure 10, where some noteworthy void signals are shown, the higher gravity 
results in a better separation of the phases. The plug frequency of the conditions a32 and a41 is lower, 

M.F, 14.3~D 
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Figure 10. Influence of the Froude number on the time-varying void signal, test conditions a3~ (top), a32 
and a4,. The scale of the vertical axis is not linear. The right hand figures are for the low Froude number 

situation. 

whereas the length of  the liquid plug is larger. The small dip in the liquid plug of  condition a31 
(left-hand figure) seems to result in two separated small plugs in the right-hand figure. The change 
of intermittent flow in more stratified flow types can be described by the classical theory of 
Kelvin-Helmholtz instability. According to this theory higher gravities require higher gas velocities 
to obtain intermittent flow. 

Only a very few prediction methods for two-phase pressure drop allow for influences of  the 
Froude number, despite its great importance. Many correlations are of the homogeneous type or 
are deduced by graphic methods. 

6. CONCLU S IO N S  

The agreement between the results of the original and centrifugal scaled flows is very good. 
Except for the conditions with a stratified flow pattern the frictional multiplier differs < 19%; at 
the two highest liquid velocities the difference is less even than 5%. The void fraction agrees within 
+ 0.03 with the exception again of  the conditions with very low velocities. The time-varying void 
signals from which the flow pattern is deduced are similar in detail. Only in one case, is the flow 
pattern different. 

Consequently, the six dimensionless groups, the ratio of  the gas and liquid velocity and the 
geometry of the system completely determine the flow. These results emphasize that dimensionless 
groups have to be used for developing correlations or comparing measurements. 

The variation of  the effective gravity over the tube and the coriolis forces are of  negligible 
influence, in the flow regimes concerned. 

The viscosity ratio and Euler number, which are different for the original and model flow are 
of minor influences. The Froude number and gas-liquid density ratio are the most important 
parameters in the flow regimes studied. Lowering of the Foude number by a factor of 2 causes 
significant differences in pressure drop, void fraction and flow pattern. 
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