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AbstractmMeasurements are described of flooding limits in countercurrent mr-water flow through 
pmpe elbows consisting of an upper vertical leg and a lower leg which is horizontal or shghtly reclined 
Results indicate that floochng ts caused by unstable wave formation (slugging) at the hydraultc jump 
which forms m the lower ptpe hmb close to the bend. The gas flow veloaties at flooding are well 
below those expected for vertical pipes, and are found to depend on tube chumeter, the length of 
the lower hmb, and on the ra&us of curvature of the bend. A correlation ts given between the 
nondlmensmnal gas velocity and the void fracnon at the locanon of the hydrauhc jump at the 
reception of flooding 

1. INTRODUCTION 

In countercurrent gas-liquid flow in a tube, a limit is reached when the liquid downflow 
cannot be increased any further by increasing liquid supply to the top of the tube. This 
limit is called "flooding". 

Flooding in vertical tubes and annuli has been studied extensively because of its 
importance to the chemical industry and in some postulated loss-of-coolant accidents 
(LOCAs) in nuclear reactors. Empirical correlations due to Wallis (1969) and Pushkina & 
Sorokin (1969) are commonly used to predict vertical flow flooding. We will not review 
the literature on correlations here because a recent report by Tien et  a l .  (1979) contains 
such information. Several theoretical models of vertical flow flooding have been developed 
based on consideration of the motion of unstable interfacial waves (e.g., Shearer & Davidson 
1965; Richter 1981), although none of these has yet found general acceptance. 

The problem of flooding in horizontal tubes has received little attention compared with 
the vertical case. Some of the first experiments reported were conducted by Wallis & Dobson 
(1973) who studied countercurrent air-water  stratified flow in a rectangular duct. They 
found that as the air flow rate was increased, a critical condition was reached at which 
rapid wave growth (slugging) occurred. Beyond this point the liquid flow could no longer 
be sustained at its previous value, indicating the onset of flooding. Richter et  a l .  (1978) 
and Krowlewski (1980) measured flooding limits in air-water  countercurrent flows in 
horizontal tubes connected at the inlet to either 45 ° or 90* elbows where the elbows lie in 
the vertical plane. These experiments show that the gas flow rate required to produce 
flooding in an elbow geometry is much smaller than would be needed for a vertical tube. 
Flooding in elbows is of importance in several applications. For example, in a light-water 
reactor the elbows between the pressurizer and the hot-leg affect the rate at which the 
pressurizer can drain, in certain small break LOCAs. In the C A N D U  pressurized heavy 
water reactor, flooding in the elbows in the feeder pipes may affect the rate at which 
emergency cooling water is delivered to the reactor core in some postulated large break 
LOCAs. 

The previous experiments on flooding in the vicinity of elbows were conducted over a 
hmited range of conditions, so that effects of important parameters, such as tube diameter, 
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length and mchnatlon of the lower limb, and radius of curvature of the elbow, were not 
clear. To develop predictive capability for the onset of flooding in such geometries, ]~ was 
felt that more extensive experiments were needed. 

To this end, atmospheric pressure a i r -wate r  experiments were carned out w~th the 
following range of parameters in a vertical-to-horizontal (liquid flow direction) 90 ° elbow: 

(i) 36.5 mm < pipe diameter < 47 mm; 
(ii) 24 < horizontal leg length to diameter ratio < 95; 

(iii) square edge • elbow radius of curvature • 300 mm. 
Limited experiments were also carried out with elbows in which the lower hmb was slightly 
inchned with respect to the horizontal. 

The results of these experiments are discussed in this paper, and correlations are 
proposed for the onset of complete liqmd carry-up, and for the onset of flooding based on 
"local conditions" m the lower hmb of the elbow near the bend. In the second paper m 
this series (part II), a two-flmd model is used to calculate the local conditions, and a more 
general flooding correlation incorporating the effect of the length and inchnation of the 
lower hmb of the elbow is developed. 

2 EXPERIMENTAL ASPECTS 

A schematic of the experimental rig is shown in figure 1. The main components of the 
system are the test section, the mr supply, the liquid recirculation system, and the 
instrumentation. 

Air was fed, after metenng, to the test section from a vertical cyhnder that leveled out 
pressure oscillations in the supply line and also acted as a separator. The pressure m the 
cylinder was monitored and controlled manually. The water m the system was stored m a 
stainless steel surge tank and recirculated to the sintered part  of the vertical leg of the test 
section. The large pressure drop across the sintered part  of the test section ensured a 
constant-flow inlet condition. The test sections were made from acrylic plastic or glass, and 
allowed flow visualization. 

Flooding conditions were imtlated by gradually increasing the air flow rate, for a fixed 
water flow rate, until flooding was visually observed. The pressure drop across the elbow 
was also measured to confirm the visual measurements. A rapidly fluctuating 6J  ~ signal 
indicated the onset of flooding. 

In flooding conditions, a portion of the water was carried upward and was collected 
in a graduated overhead tank made of glass (see figure 1). The carry-over rate was determined 
from the level rise in the tank. A deflector separated the water flow from the air stream. 
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The air was vented at the top of the glass tank through a rotameter. The water flowed 
back to the water storage tank after separation. Apart from obtaining the data for the onset 
of flooding, the conditions leading to total carry.up (or zero liquid penetration) were also 
determined. 

In the majority of tests the lower limb of the elbow was horizontal. The inclination 
was checked periodically by inspecting the slope of a layer of still water in the tube. Slight 
variations in the inclination occurred between these inspections which were corrected. By 
this means the angle of inclination with respect to the horizontal was maintained within 
the limits -+- 0.03 °. 

Tests with the vertical-to-horizontal elbow configuration were conducted with tubes 
of 36.5, 38, 44, and 47 mm diameter, and bend radii of curvature O (square), 60, 90, 150, 
225, and 300 ram. For each tube diameter an individual sinter piece was made to precisely 
fit the test section. A schematic design of the sinter which served to introduce water into 
the test section is shown in figure 2. 

The elbows were made in our laboratory by bending lengths of straight tubing. While 
great care was taken to keep the pipe cross section circular, the cross sections were always 
slightly elliptical in the bend region. 

Several supplementary experiments were conducted to investigate the effect of varying 
the inclination of the lower limb of the elbow, the effect of flow geometry at the air inlet 
end of the test section, and the effect of placing a weir at the water oudet. High-speed 
motion pictures of the flooding and carry-up phenomena in the transparent test section 
were also taken. 

3. RESULTS AND DISCUSSION 

In the following, the experimental results described are for cases where the lower limb 
of the elbow was horizontal, unless it is stated otherwise. 

3.1 Visual observations 
Flooding, as observed in our experiments, appears to result from an interracial instability 

arising from interaction between the gas and the liquid streams. 
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Figure 2. Schemattc diagram of sinter assembly 
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Consider first the water flowing down the vertical section and around the bend as 
shown m figure 1. A hydraulic jump in water level was usually observed m the honzontal 
leg near the bend. The location of the hydraulic jump depended on the water flow rate. At 
higher water flow rates, the hydraulic jump moved away from the bend. For very low water 
flow rates (less than 315 g/s for the range of tube diameters studied) the hydraulic jump 
was very weak and difficult to observe. 

The reasons for the formation of the jump are clear. The water flows down the vertical 
section as a thin liquid film of high velocity. As it comes around the bend, this hqmd 
velocity exceeds the gravaty wave velocity (i.e. the Froude number Is well above unity), 
leading to a hydraulic jump. The liquid is introduced axisymmetrically in the vertical section, 
and while the distribution may change somewhat due to the air flow coming up from the 
bend being skewed, the pattern remains largely axisymmetnc compared to the honzontal 
section. The liquid flows at the bottom of the tube in the horizontal section; this means 
that hqtud drains from the top of the tube to the bottom in the bend regmn, gavmg nse to 
a complex flow pattern which makes prediction of the jump height difficult. 

In carrying out the experiments it was noticed that the water depth not only depended 
on the flow rates but also varied along the channel- - there  was a gradual decrease m water 
height from the location of the hydraulic jump towards the water outlet. Therefore fnctlonal 
losses in the horizontal run cannot be ignored in describing the flooding process. At low 
mr flow rates, the water surface was quite smooth and glassy. At higher mr flow rates, 
wand-generated, near-sinusoidal waves appeared on the interface, moving m the d]rection 
of air flow. The amplitude of these waves varied with time, and along the length of the 
tube With increasing mr flow rates, the hydraulic jump was dragged towards the bend, 
and eventually a point was reached at which a slight increase in mr flow rate mmated 
slugging. High speed movies mdicated that an instability occurred at the crest of the 
hydraulic jump, causing bridging of the pipe. Once bridging was initmted at the hydraulic 
jump, water started to load the vertical section of the tube and was eventually carried above 
the water rejection point. Thus, the inception of flooding could be identified wath the 
occurrence of slugging at the hydraulic jump in our experiments. 

3.2 Floodmg hmzts 
A general p~cture of how the data compare with correlations for vertical and honzontal 

tubes is presented first, followed by a discussion of the parametric effects Expenmental 
data presented m terms of the usual nondimensional parameters ,/~ and j~' are shown m 
figure 3 The j*  parameters are defined by j~ = j k /X /gD(pL  - PG)/P*, wherejk and p~ 
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are the superficial velocities and densities of phas~ k (k = G for the gas phase and k = 
L for the liquid phase), D is the tube diameter, and g the gravitational acceleration. Also 
shown in figure 3 is a commonly used form of WaUis (1969) correlation for flooding in a 
vertical tube which has the equation j* i/2 + j ,  1/2 = 0.7. (Figure 3 is given for illustrative 
purposes only to give a comparison with flooding behavior in vertical tubes. It should be 
recogniT~l at the outset that the onset of countcrcurrent flow breakdown (flooding) in a 
system of the ty~__~nsidered here will depend on the length of the horizontal section, and 
therefore the ~/j~ 1/2 vs. ~/jf 1/2 parameters would not be expected to define the flooding 
curves uniquely.) It can be seen that in general the onset of flooding in bends takes place 
at lower air flow rates than in vertical tubes, for the same water flow rates. This is not 
surprising since the wave instability causing flooding occurs in the horizontal section. 

Figure 4 shows experimental results, using the coordinate system F and X proposed 
by Taitel & Dukler (1976) to describe the transition between stratified and slug flow in 
horizontal cocurrent flow. Here F is a Froude number for the gas phase, which is identical 
to the parameter j* defined above; X is the Martinelli parameter, defined by X 2 = 
Kdp/dx)Lj/~dp/dX)G[, where (dp/dx)k refers to the frictional pressure drop if one phase 
alone flowed in the horizontal section of the pipe. D, L, and R c referred to in the figure 
denote the internal diameter and length of the horizontal pipe, and the radius of curvature 
of the bend. The curve in figure 4 is a prediction of the Taitel-Dukler model for the 
transition to slugging in cocurrent flow. It is seen that the present data for flooding in 
bends in countercurrent flow lie considerably below the slugging transition line expected 
in c o c u r r e n t  flow. 

It is clear that correlations for flooding in vertical tubes, or for transitions to slug flow 
in horizontal tubes, do not predict the present data satisfactorily. 

We now examine the effects of the various geometrical parameters on the experimental 
results. 

Horizontal length effecL Experiments were performed in which the length-to-diameter 
ratio (L/D) of the horizontal leg was varied. Results are displayed in figure 5 in terms of 
the j* parameters defined above. It is clear that a longer horizontal length leads to lower 
velocities for onset of flooding. This is to be expected, as longer horizontal lengths cause 
the liquid level to be higher in the vicinity of the bend, leading to a higher gas velocity and 
hence an earlier onset of unstable wave growth at the hydraulic jump. 

The effective length of the horizontal section can also be varied by inserting a weir at 
the water outlet. Two weir heights were investigated in the present work and the results 
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are shown in figure 6. Flooding occurs at considerably lower flow rates when the weir 
height is increased from 12.7 to 16 mm in a 44 mm I.D. pipe. The conclusion from these 
results is that the length of the lower leg must be taken into account when predicting 
flooding data in these flow geometries. A quantitative evaluation of the length effect is 
given in part II. 

Bend radius of curvature. Another important parameter was found to be the bend 
radius of curvature R ~. Data are shown in figure 7. It is seen that larger radii lead to onset 
of flooding at lower gas flow rates. This effect is particularly noticeable after ~ ~/: exceeds 
about 0.25. 

The reasons for the changes in flooding conditions caused by a change in bend radius 
are not fully understood. The effect probably occurs because of the change in the shape of 
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the hydraulic jump with the bend radius. Liquid coming into the bend is distributed as a 
film in the vertical section. As it goes through the bend, the liquid at the top drains to join 
the liquid stream at the bottom. The larger the bend radius the more complete the draining. 
This in turn may lead to a narrower, higher, hydraulic jump, and consequently a lower 
flooding rate. 

Tube diameter effect. Figure 8 shows the effect of tube diameter on the onset of flooding. 
As is evident from the figure, there is an effect of tube diameter which is not accounted 
for by using the nondimensional groups j~ and j* .  Up to this point j~ and j*  have been 
convenient ways of displaying the data, because the parametric effect studies were done 
with tubes of the same diameter. The effect of diameter on the flooding behavior is discussed 
further in part II. 
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Entrance effects~ Several other parameters can affect flooding behavmr significantly 
For example, figure 9 shows the effect of exit geometry for the horizontal leg (at the mr 
inlet/water outlet). Bell-shaped and square-edge air entrances were studied. All data dis. 
cussed up to this point were taken from a square-edged exat geometry. It is seen from figure 
9 that the use of a rounded exit geometry leads to a significant increase in the atr flow rate 
needed to cause flooding. The reason for this effect is again unclear. In our experiments a 
free outfall existed at the exit of the horizontal pipe, implying that the liquid stream depth 
was close to the critical depth near the end of the tube. It is possible that with a bell-mouth 
erdt geometry the curvature of the stream led to a reduction in the critical exit depth, and 
hence in the height of the hydraulic jump further upstream. This may have led to an 
increased air flow at flooding. 

Effect of shght inchnation of horizontal leg. Experiments were performed m which the 
lower leg of the elbow was slightly inclined, while the vertical leg was kept in the same 
position. A marked effect on the flooding behavior was seen, as shown m figure 10. For a 
slight upward inclination of 0.6* (i.e., a bend angle of 89.4*) the air flow rate needed to 
cause flooding is greatly reduced, whereas for an equal downward mchnation (bend angle 
90.6*) the contrary is seen. Such behavior is anticipated, since the liqmd depth m the 
horizontal leg, and hence the height of the hydraulic jump where slugging occurred, were 
very sensitive to the mclinatmn of the horizontal leg. In fact, for the case where the bend 
angle was greater than 90", a hydraulic jump was difficult to discern for the case studied. 
The inclination effect is discussed m detail in part II. 

3.3 Void fraction at onset of slugging 
Photographic measurements were made of the height of the hydraulic jump at the 

onset of slugging, which corresponds to flooding inception in the present system. Results 
are plotted in figure 11 in terms of the local void fraction a a at the crest of the hydraulic 
jump, and the nondimensional air superficial velocityj~. The void fraction has been inferred 
from the height of the liquid level at the wall of the pipe. It was not possible to correct 
for possible variations in the level height across the width of the tube. In very rough terms 
it is seen that flooding occurs according to the equation 

J t  = ] ~  a $  '~ , [1] 
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where j R  is a constant equal to 0.2. Wallis & Dobson (1973) measured air-water coun- 
tercurrent flow limits in a horizontal rectangular channel. In their tests a constant liquid 
depth was maintained, and no hydraulic jump was present. Their data are also described 
by [1], but with JR = 0.5 (see figure 11). The difference between the JR values obtained 
by Wallis & Dobson and in our experiments is probably partly due to the difference in the 
duct cross-sectional shapes. Also, the presence of the hydraulic jump in our tests may have 
promoted the early inception of a local wave instability. 

It is interesting to note that an equation of the form of [1] can be derived by performing 
a linear stability analysis on the governing equations for an inviscid stratified flow, as noted 
by Ardron (1980). This supports the idea that the wave instability is probably a classical 
Kelvin-Helmholtz instability. 
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Figure 11. Minimum void fraction at hydraulic jump at onset of flooding. 
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3. 4 Complete carry-up limit 
Figure 12 shows the air flow rate at which complete liquid carry-up, i.e., no liquid 

outflow at gas inlet, was just achieved, for a range of tube sizes. The liquid flow rate on 
the horizontal axis is the liquid supply rate to the sinter. The complete carry-up limit seems 
largely independent of tube diameter bend radius and the liquid supply rate, and is predicted 
reasonably well by 

/j~ t/2 = 0.45. [2] 

Beyond the complete carry-up limit liquid was still present in the horizontal section, but 
it did not now flow out of the gas inlet. 

4 SUMMARY AND CONCLUSIONS 

Experiments have been performed to measure flooding limits in a i r -water  counter- 
current flow in elbows consisting of a vertical upper limb and a lower limb which was 
horizontal or slightly inclined. Flooding was found to be caused by slugging at the hydraulic 
jump that formed in the lower leg of the elbow close to the bend. 

The flooding limit was found to depend on the tube diameter, the length and inclination 
of the lower leg of the elbow, and the radius of curvature of the bend. Gas flow rates at 
flooding were well below those expected for flooding in vertical pipes, or for slugging in 
cocurrent flow in horizontal pipes. 

A theoretical analysis leading to a flooding correlation, which incorporates the effects 
of the length and inclination of the lower leg of the elbow, is given in the second paper in 
this series (part II). 
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