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ABSTRACT 

An experimental study was performed with adiabatic air-water flow at room temperature and 

atmospheric pressure to investigate the flow stratification threshold in channels containing 

various types of CANDU
®1

 fuel bundles at Atomic Energy of Canada Limited (AECL).  The 

effects of bundle geometry, bundle misalignment, flow channel creep and bundle bearing pad 

height on the flow stratification threshold were explored. 

In an uncrept flow channel, the flow stratification thresholds for various bundle geometries occur 

at similar flow rates.  In a crept flow channel, however, a strong effect of bundle geometry was 

observed.  The effect of flow channel creep on the flow stratification threshold was observed at 

the transition between stratified and plug/slug flow.  For the transition between stratified wavy 

and wavy annular flow, however, the channel creep effect was small or non-existent.  No 

apparent bundle misalignment effect on flow stratification threshold was observed for the 

bundles in uncrept or crept flow channel.   

To apply the flow stratification experimental information obtained in an adiabatic air-water test 

facility to a heated steam-water reactor fuel channel, a comprehensive literature survey was 

performed.  The flow stratification threshold data obtained by other researchers using various 

heated and unheated flow channels with various gas-liquid flows at various pressures were 

analysed.  The effect of physical properties, system pressure and flow channel heating on the 

flow stratification threshold were found to be insignificant.  This observation supports the 

experimental approach of determining flow stratification threshold using an air water test 

facility.  

1. INTRODUCTION 

Flow regimes and flow regime transitions are used to predict nuclear fuel cooling in safety 

analysis.  An important flow regime transition in horizontal and inclined flows is the 

stratification threshold, which marks the boundary between stratified and intermittent or annular 

flow regimes.  Stratification threshold is encountered in the safety analysis of certain postulated 

accidents in CANDU nuclear reactors, where normal flow rates decrease significantly, such as a 

                                                
1  CANDU® (CANada Deuterium Uranium) is a registered trademark of Atomic Energy of Canada Limited 

(AECL). 
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loss-of-coolant accident (LOCA).  During a LOCA, flow stratification may occur, leading to 

vapour flow cooling and consequent reduced heat transfer in the top portion of the bundle. 

Extensive experimental investigations into flow regimes and flow regime transitions have been 

conducted with adiabatic two-phase gas-liquid flow in horizontal pipes and numerous 

correlations for flow-regime transitions in pipes have been proposed based on the experimental 

observations.  One of the widely accepted methodologies is the flow pattern map theoretically 

derived by Dukler and Taitel [1].  The prediction of the stratification threshold in pipes using this 

method showed good agreement with experimental data.  However, only a few publications dealt 

with flow stratification threshold in rod bundles [2], [3], [4], [5], [6] and [7].  Studies for bundles 

suggested that the presence of structures (i.e., elements, appendages and endplates in a fuel 

bundle) in the flow had a significant impact on flow-regime transitions. 

An experimental program was initiated to determine the stratification threshold in various fuel 

bundles in support of the development and validation of AECL thermalhydraulic tools, such as 

CATHENA [8].  The effects of bundle geometry, bundle misalignment, flow channel creep
2
 and 

bundle bearing pad height on the flow stratification threshold were investigated in this study. 

2. DESCRIPTION OF EXPERIMENT 

2.1 Test Rig and Test Section 

The test rig consisted of an air-water mixing section, a test section and a discharge section as 

shown in Figure 1.  Two-phase flows were produced by injecting air into the water flow, 

whereupon the air and water passed through a mixing section before entering the test section.  

The test section comprised a flow tube (either an uncrept or a crept flow tube) and a string of five 

bundles of the same type.  The air and water were separated in the discharge section with water 

flowing towards the loop tank and air being vented to the atmosphere.   

 

Figure 1  Schematic of Test Rig 

  

                                                
2  Channel creep = (ID of crept channel / nominal ID of uncrept channel -1) × 100%. 
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2.2 Flow-Tube 

Two acrylic flow-tubes with different ID were used for the flow stratification tests.  The tube 

with an uniform 103.78 mm ID is referred to as the uncrept tube, although it is slightly larger 

than the nominal ID of a true uncrept tube (103.4 mm).  Another tube had a 107.29 mm ID in the 

1824 mm long upstream portion and a 108.69 mm ID in the 743 mm long downstream portion.  

The 107.29 mm ID and 108.69 mm ID correspond to the flow channel creeps of 3.8% and 5.1%, 

respectively, relative to the nominal uncrept flow tube ID.  The crept flow-tube was used for the 

tests to explore the effect of flow channel creep on the flow stratification threshold.  The 

upstream end of the bundle string was positioned 35 mm downstream from the downstream 

surface of the flow-tube upstream flange. 

Considering that the flow stratification threshold would be more or less dependent on the overall 

flow-channel geometry rather than the local geometry, a length-weighted-average ID, avgID , was 

calculated for the portion of the crept tube containing five bundles.  The calculated 

length-weighted-average ID of the crept tube is 107.68 mm, corresponding to a channel creep of 

4.14%.  This length-weighted-average ID was used for the calculations of the derived flow 

parameters.  

2.3 Bundle String 

Three types of bundles were tested:  (1) 37-element bundle, (2) Type-1 43-element bundle and 

(3) Type-2 43-element bundle.  Elements for both Type-1 and Type-2 43-element bundles were 

arranged in seven identical sections, while the 37-element bundle had six sections (see Figure 2).  

The outside diameter (OD) of the center element for the Type-1 43-element bundle was larger 

than that for the Type-2 43-element bundle, whereas both types had the same OD of the elements 

in the inner, middle and outer rings.  All three types of bundles had the same nominal length of 

495.3 mm, and had approximately the same diameter of 100 mm if bearing pad heights are not 

taken into account.  The bearing pad heights of the 37-element bundle, Type-1 43-element 

bundle and Type-2 43-element bundle were 1.3, 1.8 and 1.4 mm, respectively. 

 

Figure 2  Schematic Diagrams of Element Positions in the 

37-Element and 43-Element Bundles 

A bundle string consisting of five bundles of the same type was installed into the acrylic 

flow-tube.  The bundles, positioned with a typical misalignment angle and with 0° misalignment 

angle (i.e., aligned bundles), were tested to explore the bundle-misalignment effect on the flow 
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stratification threshold.  The values of the typical misalignment angle for 37-element bundles and 

43-element bundles were 24° and 20°, respectively.   

2.4 Instrumentation and Experimental Parameters 

Various instruments were installed to measure the experimental parameters during the flow 

stratification tests, and the data were recorded using a data acquisition system (DAS) when a 

flow stratification threshold was detected: 

 Air mass flow rate through test section ( gm  in kg s
-1

), was measured using a new Micro 

Motion® CMF025 Coriolis mass flow meter with a new 1700 MDV remote transmitter, with 
a measurement uncertainty (2σ) of 0.4% to 0.7% of the reading over the test range. 

 Water volumetric flow rate through test section ( lQ  in m
3
 s

-1
), was measured using a verified 

Fischer & Porter turbine flow meter, type 10C1516, with a flow range of 0.23 - 2.32 L s
-1

, 

with a measurement uncertainty (2σ) of 0.6% of the reading over the test range. 

 Test section inlet pressure ( inP  in kPa), was measured using a calibrated absolute pressure 

transmitter, with a measurement uncertainty (2σ) of 0.62 kPa over the test range. 

 Test section pressure drop ( P  in kPa), was measured using a calibrated differential pressure 
transmitter, with a measurement uncertainty (2σ) of 0.11 kPa over the test range. 

 Test section bulk-fluid temperature (T  in ºC), was measured using a calibrated type K 

thermocouple (T/C) (Model KMQSS-125U-6), with a measurement uncertainty (2σ) of 

0.19C over the test range. 

Two constitutive parameters governing the phase and flow distribution are the superficial gas 

and liquid velocities ( gj  and lj  in m s
-1

).  Superficial velocity is defined as:  

A

Q
j 

 (1) 

where, A  is the local cross-sectional flow area in m
2
 calculated based on the 

length-weighted-average ID of the flow-tube.  

2.5 Flow Regime Detection 

The flow stratification threshold was determined by visual observation through transparent test 

sections based on knowledge of flow regime classification in horizontal channels. 

The flow regimes for co-current two-phase flow in horizontal channels were classified by Dukler 

and Taitel [1] as:  

 Stratified flow:  liquid flowing at the bottom of the channel and gas flowing at the top, 
separated by an interface; 

 Intermittent flow:  liquid intermittently bridging the gap between the top of the channel and 
the gas-liquid interface; 
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 Annular flow:  liquid flowing around the inner surface of the channel and surrounding a 

faster moving gas core with or without entrained droplet; 

 Dispersed bubble flow:  discrete bubbles distributed in a continuous liquid phase. 

The stratified, intermittent and annular flow regimes are further divided into sub-regimes.  The 

corresponding sub-regimes are stratified smooth and stratified wavy flows, elongated bubble 

(plug) and slug flows and annular and wavy-annular flows, respectively. 

The observed flow regimes in channels containing structures are similar to those in tubular 

channels, as described by Kowalski et al. [2] for a channel containing 7-element bundles. 

Dukler and Taitel [1] demonstrated that the existence of a specific flow pattern at specified gas 

and liquid flow rates was independent of the path used to arrive at that state.  Therefore, in this 

study, the flow stratification threshold was approached by both increasing the liquid flow rate 

from that corresponding to a stratified flow regime (departure from flow stratification) and 

reducing the liquid flow rate from that corresponding to the intermittent (slug or plug) or wavy 

annular flow (onset of flow stratification). 

3. OBSERVATION OF FLOW STRATIFICATION THRESHOLD 

Figure 3 shows a flow regime map with coordinates of superficial liquid velocity and superficial 

gas velocity, with the experimental data of the flow stratification threshold obtained with aligned 

37-element bundles in uncrept flow channels.  Also shown in the figure are the approximate 

boundaries of other flow regimes estimated based on the observations of other researchers 

[5], [9] and [7].  Note that the flow stratification threshold for 37-element bundles in an uncrept 

flow channel observed in this study agrees with those by Osamusali et al. [4] for air-water flow 

and by Minato et al. [7] for steam-water flow very well, indicating very good repeatability and 

reproducibility for the phenomenon.   

 

Figure 3  Horizontal Air-Water Flow Regime Map for 37-Element  

Bundle Based on Superficial Velocities 

The observed flow stratification threshold in this experiment is composed of the flow pattern 

transitions between: 

 stratified smooth flow and plug flow, 
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 stratified wavy flow and slug flow, and  

 stratified wavy flow and wavy-annular flow. 

The transition between stratified wavy flow and annular flow was not observed, since it 

corresponds to a very high air flow rate beyond the capacity of the experimental loop.   

3.1 Transition Between Stratified Smooth Flow and Plug Flow 

At low air flow ( gj  
= 0.27 to 1.12 m s

-1
) and low water flow ( lj  

< ~ 0.1 m s
-1

), the flow regime 

was stratified smooth (see Figure 3).  Liquid flowed along the bottom of the flow tube while gas 

flowed along the top.  The liquid-gas interface was smooth and the liquid level was very high.  

At gj  
= 0.27 m s

-1
 and just before the stratification threshold, only half of the top element 

surface was exposed to the air. 

A liquid bridge was generated at the upstream end of the test section as the water flow rate 

reached the value corresponding to the stratification threshold.  The liquid bridge was wide 

(>1 m at gj  
=0.27 m s

-1
), contained dispersed bubbles, and moved slowly towards the 

downstream end (took about 2 seconds to pass through the ~ 2.5 m long test section at 

gj =0.27 m s
-1

).  A very long (> 2.5 m) elongated bubble followed the liquid bridge.  The length 

of the elongated bubble reduced with increasing water flow rate. 

The water level behind the bridge (or the level of the lower surface of the elongated bubble) was 

lower than that in front of the bridge.  After the bridge passed over the test section, the water 

level was recovered and remained steady until next liquid bridge was generated.  The frequency 

of the bridge generation increased with increasing water flow rate.  The bridge length and liquid 

level reduced and the bridge speed increased at the stratification threshold as the air flow rate 

increased. 

The liquid bridge was initially generated at the upstream end of the test section for both uncrept 

and crept flow channels. 

3.2 Transition Between Stratified Wavy Flow and Slug Flow 

When the superficial air velocity reached approximately 1.12 m s
-1

, the stratified wavy and slug 

flow regimes were encountered.  The liquid-gas interface was no longer smooth, and the liquid 

level decreased just before the stratification threshold was reached.  The slug flow was more 

intense than the plug flow.  That is, the liquid bridge in the slug flow moved rapidly with a 

reduced bridge length.  At the superficial velocity of 1.40 m s
-1

, the liquid bridge length was 

about 300 mm. 

3.3 Transition Between Stratified Wavy Flow and Wavy Annular Flow 

At a superficial air velocity of 3.5 m s
-1

 and higher, a water bridge developed initially at the 

downstream end of the test section when stratification threshold was approached by increasing 

the water flow rate.  Large amplitude waves at the gas-liquid interface (around half a bundle 

height) were abruptly swept across the top portion of the channel previously occupied by the air, 
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forming a water bridge.  The location of the initial bridge shifted upstream as the water flow rate 

increased.  An increment of about 0.01 kg s
-1

 in water flow rate (or 0.003 m s
-1

 in superficial 

liquid velocity) was required to shift the initial bridge from the downstream end to the upstream 

end of the test section. 

The water bridge moved very fast and had a very intense impact on the downstream portion of 

the test section.  Behind the bridge, a liquid film was observed to cover the flow-tube top inner 

surface and the outer surface of each element exposed to the air flow.  The liquid film gradually 

drained down after the passing over of the bridge until next bridge was generated.  The time 

required to develop another liquid bridge decreased with increasing water flow rate.  The flow 

regime is more likely to be the wavy-annular flow rather than the slug flow. 

The wavy-annular flow has the combined characteristics of the slug flow and annular flow, i.e., 

liquid intermittently bridging the gap between the top of the channel and the gas-liquid interface, 

with liquid films covering the inner top surface of the channel and the surfaces of the top 

elements after the passing of the liquid bridge. 

The liquid bridge was initially generated at the downstream end of the test section for both 

uncrept and crept flow channel.  To be consistent with the transition to the plug/slug flow, the 

reported data of the transition from stratified wavy to wavy annular flow are those corresponding 

to the initial occurrence of the liquid bridge at the upstream end of the test section.  

3.4 Mechanism of Flow Stratification Threshold 

Dukler and Taitel [1] explained that the transition from stratified flow takes place when the 

conditions are such that a finite-amplitude wave will grow on the stratified surface.  Dukler and 

Taitel [1] assumed that a wave exists on the gas-liquid interface in stratified flow.  Due to the 

Bernoulli effect, the pressure in the gas phase over the wave decreases when the gas accelerates.  

This tends to cause the wave to grow.  On the other hand, the force of gravity tends to smooth the 

wave out. 

As the liquid flow rate is increased from that corresponding to a stratified flow, the liquid level 

rises and a wave is formed.  The wave grows rapidly, tending to partially block the gas flow.  At 

lower gas velocities, the waves bridge the gas stream.  As a result, slug or plug flow ensues.  At 

higher gas flow rates, however, there is insufficient liquid flowing to maintain or even to form 

the liquid bridge.  The liquid in the wave is swept up to form an annular film covering the inner 

surface of the channel.  The flow regime is accordingly changed into annular flow. 

4. DISCUSSION OF FLOW STRATIFICATION TEST RESULTS 

4.1 Comparison Between Onset of Flow Stratification and Departure from Flow 

Stratification 

As described in Section 2.5 the flow stratification threshold was approached by both increasing 

the liquid flow rate from that corresponding to a stratified flow regime (departure from flow 

stratification) and reducing the liquid flow rate from that corresponding to the intermittent (slug 

or plug) or wavy annular flow (onset of flow stratification).  The results show that data obtained 

using these two stratification-threshold criteria are very close (the average difference is 0.37% 
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with a standard deviation of 0.69 %).  As a result, both data points are considered to be valid 

flow-stratification-threshold data points. 

4.2 Effect of Bundle Misalignment on Flow Stratification Threshold 

No apparent bundle misalignment effect was observed on the flow stratification threshold for 

each type of bundle in uncrept or crept flow channels.  As an example, Figure 4a shows the 

comparison of the flow stratification threshold for the aligned and misaligned 37-element 

bundles in an uncrept flow channel.  No apparent difference was observed except that the 

transition from slug flow to wavy annular flow appears to occur at a slightly lower superficial 

gas velocity for the misaligned bundles.   

  
(a) Bundle Misalignment Effect    (b) Flow Channel Creep Effect 

Figure 4  Bundle Misalignment Effect and Flow Channel Creep Effect on Flow 

Stratification Threshold, 37-Element Bundles 

4.3 Effect of Flow Channel Creep on Flow Stratification Threshold 

Figure 4b illustrates the flow channel creep effect on the flow stratification threshold for 

37-element bundles.  An evident effect of flow channel creep on the flow stratification threshold 

was observed for the transition from stratified smooth to plug flow for each bundle type.  An 

increase in flow-tube ID leads to the transition from stratified to slug/plug flow occurring at 

lower superficial liquid velocities.  The creep effect for the Type-1 43-element bundles is smaller 

than that for the 37-element or Type-2 43-element bundles, which is attributed to the 

considerably higher bearing pad height for the Type-1 43-element bundles than for the 

37-element or Type-2 43-element bundles (see Section 4.6).  The creep effect decreases with 

increasing gas velocity; at very high gas velocity, corresponding to the transition between 

stratified wavy and wavy-annular flow where the creep effect is negligible. 

The creep effect may be attributed to the change in the wall fraction per unit volume of fluid in 

the top portion of the flow channel and the change in the distance between liquid-gas interface 

and the top of the channel where the flow passage is expanded. 
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4.4 Comparison of Flow Stratification Threshold for Various Types of Bundles in 

Uncrept Flow Channel 

Figure 5a shows the comparison of the flow stratification threshold for 37-element, Type-1 

43-element and Type-2 43-element bundles in an uncrept flow channel.  The flow stratification 

thresholds for these bundles agree with each other very well. 

The minimum and maximum achievable superficial gas velocities were 0.21 and 5.14 m s
-1

, 

respectively.  The flow stratification threshold occurs in a superficial liquid velocity range of 

around 0.1 to 0.19 m s
-1

 with the lower value corresponding to the transition between stratified 

smooth and plug flow and the higher value corresponding to the transition between stratified 

wavy and wavy-annular flow. 

The superficial liquid velocity corresponding to the flow stratification threshold increases with 

increasing superficial gas velocity, until it reaches a maximum point (at the superficial gas 

velocity of 3 to 4 m s
-1

).  After the maximum point, the superficial liquid velocity starts to 

decrease with increasing superficial gas velocity. 

   
(a) Uncrept Flow Channel    (b) Crept Flow Channel 

Figure 5  Comparison of Stratification Threshold Amongst Various Types of Bundles  

4.5 Comparison of Flow Stratification Threshold Among Various Types of Bundles in 

Crept Flow Channel 

Figure 5b shows the comparison of flow stratification threshold for 37-element, Type-1 

43-element and Type-2 43-element bundles in a crept flow channel.  The flow stratification 

threshold for Type-2 43-element bundles agrees with that for 37-element bundles reasonably 

well over the entire range of superficial gas velocities.  The flow stratification threshold for 

Type-1 43-element bundles also agrees with that for 37-element bundles reasonably well at high 

superficial gas velocities ( gj  > 2 m s
-1

, transition to slug/wavy-annular flow).  At low superficial 

gas velocities ( gj  < 2 m s
-1

, transition to slug/plug flow), however, the flow stratification 

threshold for Type-1 43-element bundles occurs at a higher superficial liquid velocity as 

compared to 37-element and Type-2 43-element bundles.  The maximum difference in 

superficial liquid velocity is about 0.03 m s
-1

 at superficial gas velocities between 1 to 1.4 m s
-1

 

(transition to slug flow).  The transition difference in superficial liquid velocity between Type-1 
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43-element and 37-element/Type-2 43-element bundles tends to decrease at lower superficial gas 

velocity ( gj  < 1 m s
-1

).  At very low superficial gas velocity (transition to plug flow), it appears 

that the stratification threshold for Type-1 43-element bundles approaches that for 37-element 

bundles. 

The minimum and maximum achievable superficial gas velocities were 0.17 and 4.85 m s
-1

, 

respectively.  The flow stratification threshold occurs in a superficial liquid velocity range of 

about 0.06 to 0.16 m s
-1

 for each type of bundle in the crept flow channel.  The lower superficial 

liquid velocity value corresponds to the transition between stratified smooth and plug flow and 

the higher value corresponds to the transition between stratified wavy and wavy annular flow. 

The superficial liquid velocity corresponding to the flow stratification threshold increases with 

increasing superficial gas velocity, until it reaches a maximum point (at a superficial gas velocity 

of approximately 4 m s
-1

).  After the maximum point, the superficial liquid velocity starts to 

decrease with increasing superficial gas velocity. 

4.6 Effect of Bearing Pad Height on Flow Stratification Threshold  

The bearing pad heights of the Type-1 and Type-2 43-element bundles are different.  As 

described in Section 2.3, the bearing pad heights of the 37-element, Type-1 43-element and 

Type-2 43-element bundles are 1.3, 1.8 and 1.4 mm, respectively.  The bearing pad height of the 

Type-2 43-element bundle is very slightly higher than that of the 37-element bundle.  However, 

that of the Type-1 43-element bundle is considerably higher. 

The observed flow stratification thresholds for 37-element and Type-2 43-element bundles in 

both uncrept and crept flow channels agree with each other reasonably well.  This suggests that 

there is no apparent different between the flow stratification thresholds for the 37-element and 

43-element bundles if both have the same bearing pad height. 

It is observed that the transition from stratified to slug/plug flow for the Type-1 43-element 

bundles occurred at slightly higher superficial liquid velocities than the Type-2 43-element 

bundles in the crept channel; the difference is very small in the uncrept channel.  This difference 

can be attributed to the bearing pad height effect. 

The change in bearing pad height changes the free flow area on the top portion of the channel 

containing bundles and hence changes the wall friction and gas-liquid interface friction in this 

region, resulting in a different flow stratification threshold.  The flow is more homogeneously 

distributed in the uncrept tube than in the crept tube.  Therefore the bearing pad height effect on 

flow stratification threshold in the crept channel is stronger than in the uncrept channel. 

In general, the flow stratification thresholds for 37-element and 43-element bundles are expected 

to be the same if both had the same bearing pad height.  An increase in bearing pad height would 

move the transition from stratified to slug/plug flow to higher superficial liquid velocities.  The 

bearing pad height effect is small or non-existent at high gas velocity.  The bearing pad height 

effect for the crept channel is stronger than for the uncrept flow channel.  The bearing pad height 

effect for the uncrept flow channel is very small or negligible. 
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5. FLOW STRATIFICATION THRESHOLD IN REACTOR FUEL 

CHANNEL  

To apply the flow stratification experimental information obtained in an adiabatic air-water test 

facility to a heated steam-water reactor fuel channel, the following aspects need to be considered: 

 Effects of physical property and system pressure:  the physical properties of the liquid and 

gas in the air-water system at atmospheric pressure and room temperature differ from those 
in the pressurized steam-water system. 

 Effect of flow-channel heating:  the cross-section averaged void in the adiabatic air-water 

system is relatively uniformly distributed along the flow channel.  However, the quality and 

void in the heated steam-water channel increase along the flow direction due to vapour 
generation, and hence the flow pattern would change along the heated length.  

 Effect of channel ID variation along length:  the flow channel ID in the air-water test facility 

is almost the same over the entire length.  However, the ID of the crept channel in the reactor 

fuel channel varies considerably along its length. 

5.1 Effects of Physical Property and System Pressure on Flow Stratification Threshold  

Weisman et al. [10] performed a series of experiments with various gas-liquid flows (air-water, 

air-glycerine, Freon-Freon and air-spindle oil) in pipes with a diameter range of 1.2 to 5 cm, to 

exam the effects of pipe diameter, liquid viscosity, liquid density, interfacial tension and gas 

density on flow pattern transitions.  The main findings related to flow stratification threshold are 

summarized as follows: 

 Liquid viscosity:  the change in the transition between stratified and intermittent flow is 

minor, and the transition to annular flow occurs at a slightly higher gas mass flow rate as 

liquid viscosity increases. 

 Liquid density:  transition to annular flow is essentially unchanged, and the transition from 
stratified to intermittent flow occurs at a higher liquid flow rate as liquid density increases. 

 Surface tension:  essentially has no effect on the transitions from stratified flow. 

 Vapour density:  the change in the transition between stratified and intermittent flow is 

minor, and the transition from stratified to annular flow occurs at a slightly higher gas mass 

flow rate as vapour density increases. 

 Pipe diameter:  has a very minor effect on the transitions from stratified flow. 

Weisman et al. [10] concluded that superficial velocities of liquid and gas were the two main 

parameters that determined the flow regime transitions, while channel diameter and the 

properties of liquid and gas had more moderate influences.   

Kowalski et al. [2] conducted experiments to observe flow regime transitions and measure the 

cross-sectional void fraction for horizontal air-water flow and Freon gas-water flow in a 

50.8 mm ID channel containing a string of six 7-element bundles at various pressures (225 kPa 

for air-water flow, 225 kPa and 420 kPa for Freon gas-water flow).  It was also found that the 

air-water flow at a pressure of 225 kPa and the Freon gas-water flow at pressures of 225 and 

420 kPa had almost the same water superficial velocities, at which the transition from stratified 
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to intermittent flow occurred.  This phenomenon suggests that a change in gas properties has 

very little effect on the transition from stratified to intermittent flow.   

The experimental studies of Shin [6], Sawamura et al. [5] and Minato et al. [7] with steam-water 

flows at various pressures (0.5 to 5 MPa) demonstrated that the effects of physical properties and 

system pressure on flow stratification threshold were small for channels containing heated 

37-element bundles.  In addition, the observed flow stratification threshold in the steam-water 

flow at various pressures agrees with that in the air-water flow reasonably well. 

In general, the physical property effect on the flow stratification threshold is insignificant for 

channels containing bundles and the test results obtained in this study can be directly applied to 

the reactor fuel channel cases. 

5.2 Effect of Flow-Channel Heating on Flow Stratification Threshold 

Minato et al. [7] performed an experimental study with steam-water flow in a 103-mm ID 

channel containing a 6-m long 37-element bundle string having a chopped cosine axial power 

distribution.  The flow stratification thresholds were detected at five axial locations (0.75, 1.74, 

3.22, 4.21 and 5.20 m from the inlet. 

The observed flow stratification thresholds at 1.74, 3.22, and 4.21 m are very close (and also 

agree very well with test results obtained in this study), and the two-phase flow in this region 

was considered to be fully developed.  At the locations near the upstream and downstream ends 

of the test section (0.75 and 5.20 m), however, transition from stratified flow occurred at lower 

superficial liquid velocity, i.e., flow stratification was suppressed.  Minato et al. [7] explained 

that the suppression of stratification near the channel inlet was caused by the flow mixing effect 

in the inlet end fitting, and that near the exit was caused by the effect of the higher water level in 

the exit end fitting as compared to the test section. 

Similar inlet and exit end fitting effects would be presented in the CANDU fuel channel because 

the flow directions in the end fittings of the fuel channel are the same as those of the test facility 

described by Minato et al. [7], i.e., downward flow in the inlet end fitting and upward flow in the 

exit end fitting. 

5.3 Local Conditions Hypothesis for Flow Stratification Threshold 

The local conditions hypothesis for flow stratification threshold would be practical for a fuel 

channel with ID variation.  Although the flow regime transitions would take time and space to 

develop, the observations presented in Section 5.2 suggest that the assumption that the flow 

stratification threshold is a local-conditions-controlled phenomenon is reasonable.  The channel 

entrance and exit effects (if any), which suppress the stratification, provide more favourable heat 

transfer, and hence do not prejudice the application of the local conditions hypothesis in fuel 

channels containing bundles. 

6. CONCLUSIONS AND FINAL REMARKS 

An experimental study was performed to investigate the flow stratification threshold in channels 

containing 37-element and 43-element bundles with adiabatic air-water flow at room temperature 
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and atmospheric pressure at AECL.  The effects of bundle geometry, bundle misalignment, flow 

channel creep and bundle bearing pad height on flow stratification threshold were explored. 

The observations from the experiment and the conclusions drawn based on the observations are 

summarized as follows: 

 Flow stratification thresholds corresponding to the transitions between stratified smooth and 

plug flow (at low gas velocities), between stratified wavy and slug flow (at moderate gas 

velocities) and between stratified wavy and wavy-annular flow (at high gas velocities) were 
observed in the superficial gas velocity range of 0.17 to 5.62 m s

-1
. 

 In an uncrept flow channel, the flow stratification thresholds for 37-element, Type-1 

43-element and Type-2 43-element bundles are very close.  The flow stratification thresholds 

were reached in the superficial liquid velocity range of 0.09 to 0.19 m s
-1

(corresponding to 

low and high superficial gas velocities, respectively).  The superficial liquid velocity 

corresponding to the flow stratification threshold increased with increasing superficial gas 

velocity, until it reached a maximum point (at the superficial gas velocity of 3 to 4 m s
-1

).  

After the maximum point, the superficial liquid velocity started to decrease with increasing 
superficial gas velocity. 

 In a crept flow channel, the flow stratification threshold occurred in a superficial liquid 

velocity range of about 0.06 to 0.16 m s
-1

 for each type of bundle in the crept flow channel.  

The superficial liquid velocity corresponding to the flow stratification threshold increased 

with increasing superficial gas velocity, until it reached a maximum point (at the superficial 

gas velocity of approximately 4 m s
-1

).  After the maximum point, the superficial liquid 

velocity started to decrease with increasing superficial gas velocity.  At low superficial gas 

velocities, the flow stratification threshold for Type-1 43-element bundles occurs at a higher 

superficial liquid velocity as compared to 37-element and Type-2 43-element bundles due to 

higher bearing pads for the Type-1 43-element bundles. 

 The wavy-annular flow regime had the combined characteristics of slug and annular flow, 

i.e., liquid intermittently bridging the gap between the top of the channel and the gas-liquid 

interface, with liquid films covering the top channel inner surface and the element outer 

surfaces after the passing over of the liquid bridge. 

 The flow stratification thresholds for 37-element bundles in uncrept flow channel with 

air-water flow observed in this study agree very well with those previously observed in 

air-water flow and steam-water flow by other researchers, indicating a very good 
repeatability and reproducibility of the phenomenon.   

 No apparent bundle misalignment effect was observed on the flow stratification threshold for 
the bundles in uncrept or crept flow channels. 

 The effect of flow channel creep on the flow stratification threshold was observed for the 

transition between stratified and plug/slug flow.  An increase in flow tube ID would lead to 

the transition from stratified to plug/slug flow occurring at lower superficial liquid velocities.  

The channel creep effect decreases with increasing superficial gas velocity.  At very high 

superficial gas velocities corresponding to the transition between stratified wavy and wavy 
annular flow, the channel creep effect is small or nonexistent. 
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 An increase in bearing pad height would lead to the transition from stratified to slug/plug 

flow occurring at higher superficial liquid velocities.  The bearing pad height effect is small 

or nonexistent at high gas velocities.  The bearing pad height effect for the crept channel is 

stronger than for the uncrept channel.  The bearing pad height effect for the uncrept flow 

channel is very small or negligible due to the relatively homogeneous flow distribution 

among upper and lower flow sub-channels, as compared to the crept flow channel. 

 Effects of physical properties, system pressure and flow-channel heating on flow 

stratification threshold are insignificant.  This observation supports the experimental 
approach of determining flow stratification threshold using an air-water test facility. 

 The local conditions hypothesis for flow stratification threshold is reasonable and practical 
for uncrept and crept fuel channels containing fuel bundles. 
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