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Synopsis 

 
 

The Advanced Heavy Water Reactor (AHWR) is a vertical pressure tube type, heavy water 

moderated and boiling light water cooled natural circulation based reactor. The fuel bundle of 

AHWR contains 54 fuel rods arranged in three concentric rings of 12, 18 and 24 fuel rods. 

Evaluation of the coolant flow distribution under single and two phase flow condition is very 

important for AHWR rod bundle to ensure its safety and performance. Single phase flow 

condition exists in reactor rod bundle during start-up condition and up to certain length of rod 

bundle when it is operating at full power under boiling condition. Being a natural circulation 

BWRs, transition from single phase to two phase flow condition occurs in reactor rod bundle 

with increase in power. The determination of inter-subchannel mixing of coolant amongst 

these subchannels is important for evaluation thermal margin and safety of the reactor. The 

inter-subchannel mixing consists of three independent phenomena; turbulent mixing, void 

drift and diversion cross flow (Lahey and Moody (1993), Hotta et al. (2005)). 
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Of course, two phase turbulent mixing studies are not new especially for conventional BWRs. 

However it is important to assess the models developed so far, for their accuracy and 

applicability to AHWR condition. In this study, assessment of two phase turbulent mixing 

models applicable to BWRs has been performed against existing experimental data for 

various subchannel geometries of BWRs. An assessment of these models gives the following 

findings: 

1. There are large differences among the data of turbulent mixing rate from one subchannel 

array to another. 

2. There are large differences among the models when it is compared with the same 

experimental data as shown in table 1. 

Table 1: Error analysis between calculated and measured turbulent mixing rate.  

 

 

Model  

Liquid mixing rate Gas mixing rate 

Maximum 

error % 

Minimum 

error % 

Average 

error % 

Maximum 

error % 

Minimum 

error % 

Average 

error % 

Bues (1972) +4320 -93 +515.4 +412 -93 -52.1 

Kazimi and 

Kelly(1983) 

+1480 -86 +153.2 +2810 -99 -41.8 

Kawahara et 

al. (2000) 

+9370 -71.9 +1200 +7940 -78.3 +637 

Carlucci et al. 

(2003) 

+1900 -95 -15.6 +8910 -96 +104 

 

Because of large error in the models, a new model for turbulent mixing rate was proposed 

from first principle. The turbulent mixing rate is expressed in terms of mixing number. The 

mixing number (Nmix) for single phase flow which is function of Reynolds number (Re), gap 

(s) and centroidal distance (δ) between subchannel is considered. The equation can be 

represented by 

                                                                                                                                                                                                                                                      

                                                                                                                                          (1) 
Re

b

a

mix

S
N C



 
  

 
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The model for two phase turbulent mixing rate is modified by replacing single phase flow 

properties with two phase flow properties. Thus liquid and gas turbulent mixing number for 

two phase flow in subchannels is a function of mixture Reynolds number (Remix), gap (S) and 

centroidal distance (δ) between subchannels. In addition the volumetric fraction (β) needs to 

be incorporated in the model. The subchannel array effect (Fgc) which is function of gap (S), 

centroidal distance (δ) and volumetric fraction (β) and pressure effect (Fp) which is function 

surface tension (σ) of fluid is considered in present model. The equation for liquid and gas 

phase turbulent mixing rate can be represented by 

                                                                                                                                                 (2) 

                                                                                                                                                 (3)  

The coefficient and exponent is obtained by fitting existing test data for different subchannel 

array. Hence the model could predict within average error of ± 4% for all the test data 

available for triangular-triangular, square-square, rectangular-rectangular subchannel array. 

The model was also tested even for steam-water high pressure data and found that it can 

predict within average error of ± 9.94 %. These errors are significantly less than that 

predicted by previous models. 

It may be notated that, the subchannel geometry of AHWR rod bundle is completely different 

from conventional BWRs. The rods in AHWR bundle are arranged in circular subchannel 

array unlike conventional BWRs geometry in which rods are arranged in square-square, 

rectangular-rectangular and square-rectangular subchannel array as shown in figure 1(a) and 

1(b). The Steam generator heavy water reactor (SGHWR) bundle even though has similar 

geometry like AHWR rod bundle, however, there are almost no studies performed on inter-

subchannel mixing studies for this reactor. 

1.80

, , 0.00104Rel mix l gc pN F F  

 
5.14

, , 0.0000749 ln(Reg mix l gc pN F F   
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                                   (a) BWR                                             (b) AHWR 

 

Fig.1. BWR and AHWR lattice  

 

In addition, AHWR being a natural circulation BWR, the mass flux condition in the 

subchannels can vary from close to zero to rated condition depending on the power, which is 

different from conventional BWRs wherein the mass flux in the subchannel is more or less 

constant irrespective of power. Effect of variation of mass flux in the subchannels on two 

phase mixing phenomena typical to AHWR specific geometry has never been investigated. In 

the view of above, data obtained from conventional BWRs cannot be used for AHWR.  

The objective of the thesis is to determine the mixing in subchannels of AHWR rod bundle 

due to turbulent mixing, void drift and diversion cross flow.  

The strategy for solving these issues in AHWR rod bundle is carried out in following steps 

1. Experiments performed in 1:1 scaled test facility simulating the subchannels of AHWR rod 

bundle for each component of inter-subchannel mixing i.e. turbulent mixing, void drift and 

diversion cross flow applicable to AHWR rod bundle 

2. Assessment of existing models against present experiment data for turbulent mixing, void 

drift and diversion cross flow applicable to AHWR rod bundle 

3. Development of new models for turbulent mixing, void drift and diversion cross flow, if 

existing models cannot predict measured values of present experiment applicable to AHWR 

rod bundle.  

Subchannel 

Fuel pin 
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Fig. 2. 1/12
th

 segment of AHWR fuel rod bundle 

 

To simulate mixing phenomena, a test facility has been designed. The subchannel geometry 

simulated consists of 1/12
th

 model of AHWR as shown in figure 2 (Dasgupta et al (2006)). 

The rods used in the subchannel mixing studies have the same size and pitch as that of actual 

rod bundle of AHWR. Three subchannels are considered in 1/12
th

 symmetric cross section of 

the actual rod bundle. Table 2 shows comparison of the dimensions of rod bundle between 

model and prototype. 

Table 2 Scaling of present experiment 

 

Properties  Prototype  Model  

Fluid  Steam-water Air-water 

Fuel rod diameter 11.2 mm 11.2 mm 

Gap  2.3 mm 2.3 mm 

Height  3.5 m 3.5 m 

Subchannel Hydraulic diameter (1/12 section) 5.9 mm 5.9 mm 

Flow Area (1/12 section) 340 mm2 340 mm2 

Liquid velocity in single phase (Vl) 0 to 1.2 m/s 0 to 1.2 m/s 

Superficial liquid velocity in two phase (Jl) 0 to 1 m/s 0 to 1 m/s 

Void fraction range  0 to 0.8 

 

0 to 0.8 
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The flow schematic of experimental loop is shown in figure 3.  

 
 

Fig. 3 Test rig schematic 

 

The facility consists of a test section along with air-water mixer and separator. The vertical 

test channel of 3.5 m long is divided into three sections; entry section (1.5 m), mixing section 

(1.5 m) and discharge section (0.5 m) from bottom to the top of channel. In entry section and 

exit section, subchannels are completely separated by a 4 mm partition and in mixing section; 

subchannels are completely free from partition to allow mixing between subchannels. 

Potassium nitrate used as a tracer for water and methane gas is used as a tracer for air to 

simulate turbulent mixing among the subchannels. There are six rotameters used to measure 

air flow rate, six rotameters are used to measure water flow rate and two rotameters are used 

to measure tracer flow rate. Four differential pressure transmitters (DPT 1 to DPT 4) are 

provided to measure radial pressure difference between the subchannels. The accuracy of 

water rotameter is ± 2% over the full span of 20 lpm and for air rotameter is ± 1% over the 
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full span of 10 lpm. The accuracy of potassium nitrate tracer rotameter is ± 2% over the full 

span of 0.6 lpm and methane gas tracer rotameter is ± 1% over the full span of 1 lpm. The 

accuracy of differential pressure transmitters is ± 0.2%. The analysis of tracer concentration 

in collected sample of liquid was carried out by absorption spectrophotometer and for gas 

through gas chromatograph. The instrument was calibrated prior to each set of analysis with 

standard solution. Analysis was reproducible within ± 1%. 

(i) Determination of turbulent mixing rate in AHWR rod bundle 

The single phase turbulent mixing rate among the subchannels of AHWR rod bundle is 

measured for different liquid flow rate. Figure 4 shows variation of measured mixing rate 

with average Reynolds number.  

 
 

Fig. 4 Comparison of W’/μ against Reavg 

 

The main findings are as follows 

1. The turbulent mixing rate is found to increase with increase in mass flux or Reynolds 

number, which is function of mass flux in the subchannels of rod bundle.   

2. It also indicates that the turbulent mixing rate between subchannel 1-2 i.e. W’12 is higher as 

compared to subchannel 3-2 i.e. W’32 because subchannel 1-2 has higher gap to centroidal 

ratio (S/δ) as compared to subchannel 3-2. 
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An assessment of existing models against present experimental data has been carried out and 

found that none of these models predict measured turbulent mixing rate for AHWR rod 

bundle. There are errors between measured and predicted value by – 92 % to +327 % 

(average error) depends on the models. The model presented earlier in equation (1) was used 

and modified by changing the coefficient and exponent by fitting the present test data which 

predicts turbulent mixing rate quite accurately within ± 7%. 

Figures 5 and 6 show variation of two phase turbulent mixing rate against average void 

fraction between the subchannels of AHWR rod bundle .The turbulent mixing rate in two 

phase flow is sum of liquid and gas phase turbulent mixing rate in two phase flow. The liquid 

and gas phase turbulent mixing rate in subchannel 1-2 and subchannel 3-2 is measured for 

void fraction ranging from 0 to 0.8 by varying superficial liquid velocity. It was difficult to 

measure turbulent mixing rate accurately beyond void fraction of α=0.55 at superficial liquid 

velocity equal to 0.2. This is because above this limit, the two phase air-water mixture is 

found to be unstable and difficult to quantify the mixing rate in the test.  

      
                            

                       (a) Liquid phase                                          (b) Gas phase    

 

Fig. 5 Turbulent mixing rate vs average void fraction between subchannel 3-2 
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                        (a) Liquid phase                                          (b) Gas phase    

 

Fig. 6 Turbulent mixing rate vs average void fraction between subchannel 1-2. 

 

The main findings of these experiments are as follows 

1. The liquid phase turbulent mixing rate is more or less constant up to average void fraction 

of 0.3 which is in bubbly flow regime, and then increases and reaches to a maximum at void 

fraction equal to 0.55 which is in slug-churn flow regime; afterwards it decreases till it 

reaches void fraction equal to 0.8. 

2. The gas phase turbulent mixing rate increases with increase in average void fraction and 

reaches maximum at void fraction equal to 0.65. Afterwards, it decreases till it reaches void 

fraction equal to 0.8. However the gas phase turbulent mixing is difficult to measure in 

bubbly flow due to low air flow (void fraction equal to 0.3) 

3. The results indicate that turbulent mixing rate increases with increase in superficial liquid 

velocity.  

4. The test data were compared with existing models. It was found that existing models could 

not predict the measured turbulent mixing rate in the rod bundle of AHWR. 

An assessment of existing models against present experimental data has been carried out and 

found that none of these models predict measured turbulent mixing rate for AHWR rod 

bundle. There are errors between measured and predicted value by – 68 % to +567 % 
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(average error) depends on the models. The model presented earlier in equation (2) and (3) 

was used and modified by changing the coefficient and exponent by fitting the present test 

data which predicts turbulent mixing rate quite accurately within average error of ± 2 %. 

(ii) Determination of void drift in AHWR rod bundle 

The void drift among the subchannels of AHWR rod bundle was measured by varying non-

equilibrium flow at inlet and measuring subsequent equilibrium flow at outlet of individual 

subchannel.  

The net change in gas mass flux between the subchannels due to void drift can be expressed 

by (Lahey and Moody (1993))  

( ) ( ) /gij g i j i j eq ijG D S         
                                                                                 (3)                                                                        

Where Gg,ij is net change in mass flux due to void drift, ρg is the density of gas, D is void 

diffusion coefficients, (αi- αj) is void fraction difference in non-equilibrium flow,  (αi- αj)eq is 

void fraction difference in equilibrium flow and Sij is gap between the subchannels.  

Figure 7 shows variation of equilibrium void fraction (at outlet) with non-equilibrium (at 

intlet) void fraction.  

       
 

Fig. 7 Equilibrium void fraction vs non equilibrium void fraction for subchannel 3-2 and 

subchannel1-2 
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The main findings of these experiments are as follows. 

1. The equilibrium void fraction is more in subchannel 2 as compared to subchannel 3 and 

subchannel 1. This is because ratio of flow area of subchannel 2 (A2) to the total area 

(At=A1+A2+A3) is more for subchannel 2 (A2/At=0.40) as compared to subchannel 3 (A3/At = 

0.29) and subchannel 1 (A1/At=0.31).  

2. The variation in equilibrium and non-equilibrium void fraction is very less with respect to 

liquid superficial velocity. 

3. In both the cases of void drift i.e. subchannel 1-2 and subchannel 3-2, the difference in 

equilibrium and non-equilibrium void fraction of individual subchannels is less when void 

fraction is equal to 0.3 and this difference is more at void fraction greater than 0.3. This 

means that voids drift more in slug-churn as compared to bubbly flow. 

Figure 8 shows the variation of void diffusion coefficient between the subchannels with 

average void fraction.  

    
 

Fig. 8 Variation of void diffusion coefficient between the subchannel 1-2 and  

subchannel 3-2 with average void fraction. 
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The main findings are as follows. 

1. The void diffusion coefficient is more or less constant or little increases with increase in 

average void fraction up to α≈0.45.  Beyond void fraction α≈0.45, there is a steep increase in 

void diffusion coefficient with increase in average void fraction. 

2. The trends of void diffusion coefficient found to be same for subchannel 1-2 and 

subchannel 3-2.  

3. Also the magnitude of diffusion coefficient found to be increase with increase in 

superficial liquid velocity. 

The capability of existing correlation is checked to predict the measured equilibrium void 

fraction. The test data were compared with existing models in literature. It was found that 

existing models could predict the measured equilibrium void fraction in the rod bundle of 

reactor within range (average error) of +8 % to -14 %. 

(iii) Determination of diversion cross flow in AHWR rod bundle. 

The diversion cross flow is an inter-subchannel mixing phenomena which occurs only due to 

lateral pressure difference between adjacent subchannels. In this phenomenon, there is a net 

flow from one subchannel to the other at their common boundary. The radial pressure 

difference between the subchannels is generally related to density and cross flow velocity 

between the subchannels by a factor K which is called as transverse resistance coefficient or 

cross flow resistance coefficient represented as 

21

2
dc

P
K

V


                                                                                                                               (4) 

 

Where ΔP is radial pressure difference between subchannel 

ρl = Density of liquid and Vdc= diversion cross flow velocity 
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Figure 9 (a) and 9 (b) shows the variation of transverse resistance coefficient (K), for single 

phase and two phase flows. The transverse resistance coefficient (K) is plotted against a ratio 

of diversion cross flow velocity to the axial velocity (Vdc/Vaxial). 

         
                        

                            (a) Single phase                                (b) Two phase 

 

Fig. 9 Transverse resistance coefficient vs Ratio of cross flow velocity to the axial velocity 

 

The main findings are as follows. 

1. The cross flow resistance coefficient decreases with increase in ratio of cross flow velocity 

to the axial velocity both in single and two phase flow condition.  

2. Also cross flow resistance coefficient in two phase flow is higher as compared to single 

phase flow. 

The capability of existing correlation is checked to predict the measured cross flow resistance 

coefficient and found that none of these models predict measured cross flow resistance 

coefficient for AHWR rod bundle. There are errors between measured and predicted value by 

– 100 % to +571 % (average error) depends on the models.  In the view of this, a new model 

applicable to AHWR has been presented which predicts cross flow resistance coefficient 

quite accurately within average error of ± 9 %. 

In summary, an assessment of turbulent mixing models has been carried out and found that 

there is large discrepancy between predictions by models and existing experimental data 

relevant to conventional BWRs. This is because turbulent mixing phenomena are highly 

geometry and operating condition dependent. The average errors in existing models as 



xiv 

 

compared to test data are found to be -52% to +1200%.  Because of large error in the models, 

a new model for turbulent mixing was proposed from first principle. The model could predict 

within average error of ± 4% for all the test data available for triangular-triangular, square-

square, rectangular-rectangular subchannel array. The model was tested even for steam-water 

high pressure data and found that it can predict within average error of ± 9.94 %. However 

the AHWR rod bundle is completely different from conventional BWRs. In addition being a 

natural circulation BWR, the flow velocity in the subchannel can vary over a wide range 

unlike that of conventional BWRs. The test data and models are not applicable to AHWR 

condition. This has necessitated measurement in 1:1 condition of AHWR rod bundle and 

develops AHWR specific models which can later use for AHWR thermal margin and safety 

analysis. 

Study of inter-subchannel mixing phenomena for AHWR rod bundle gives important 

conclusion which are enlisted here 

i. The turbulent mixing and void drift both are found to be dependent on void fraction and 

flow regimes even for low mass flux condition typical to AHWR geometry. 

 ii. The magnitude of turbulent mixing rate and diffusion coefficient is found to be higher for 

AHWR subchannels geometry compared to conventional BWRs geometry for the same mass 

flux.  

iii. Also the magnitude of turbulent mixing rate and diffusion coefficient found to be increase 

with increase in superficial liquid velocity. 

iv. None of existing models found to predict measured test data of turbulent mixing rate and 

cross flow resistance. Hence a new model has been developed applicable to AHWR geometry 

and operating condition which predicts quite accurately. 
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Abstract 
 

The Advanced Heavy Water Reactor (AHWR) is a vertical pressure tube type, heavy water 

moderated and boiling light water cooled natural circulation based reactor. The fuel bundle of 

AHWR contains 54 fuel rods arranged in three concentric rings of 12, 18 and 24 fuel rods. 

The coolant flow distribution in single and two phase flow condition is very important for 

AHWR rod bundle to ensure its safety and performance. Single phase flow condition exists in 

reactor rod bundle during start-up condition and up to certain length of rod bundle when it is 

operating at full power. However, being a natural circulation BWR, transition from single 

phase to two phase flow condition occurs in reactor rod bundle with increase in power. 

Prediction of thermal margin of the reactor has necessitated the determination of inter-

subchannel mixing of coolant amongst these subchannels. The inter-subchannel mixing 

consists of three independent phenomena; turbulent mixing, void drift and diversion cross 

flow. 

Of course, two phase turbulent mixing studies are not new especially for conventional BWRs. 

However it is important to assess the models developed so far for these reactors for their 

accuracy and applicability to AHWR condition. In this study, assessment of two phase 

turbulent mixing models applicable to BWRs has been performed against existing 

experimental data for various subchannel geometries of BWRs. It is found that there are large 

errors between predictions by the empirical models and measured experimental data by an 

average error of +1200 % to -52 %. Even there are large differences in prediction among the 

models and experimental data of turbulent mixing rate from one subchannel array to another.  

This is because mixing phenomena are highly geometry and operating condition dependent. It 

may be noted that, the subchannel geometry of AHWR rod bundle is completely different 

from conventional BWRs. The rods in AHWR bundle are arranged in circular subchannel 

array unlike conventional BWRs geometry in which rods are arranged in square-square, 



xvi 
 

rectangular-rectangular and square-rectangular subchannel array. In the view of above, data 

obtained from conventional BWRs cannot be used for AHWR. 

In addition, AHWR being a natural circulation BWR, the mass flux condition in the 

subchannels can vary depending on the power, which is different from conventional BWRs 

where the mass flux in the subchannel is more or less constant irrespective of power. Effect 

of variation of mass flux in the subchannels on two phase mixing phenomena for AHWR 

specific geometry has never been investigated. 

The objective of present work is to establish mixing in subchannels of AHWR rod bundle due 

to turbulent mixing, void drift and diversion cross flow. Since it is difficult to develop 

mechanistic model for different aspects of mixing (i.e. turbulent mixing, void drift and 

diversion cross flow) in the rod bundle, experiments were carried out in a scaled test facility 

of AHWR rod bundle. The facility simulates 1:1 geometry of 1/12th symmetrical section of 

AHWR rod bundle. Water and air was used as the working fluid and the inter-subchannel 

mixing tests were carried out. The turbulent mixing rate, void drift and diversion cross flow 

was experimentally measured for AHWR operating condition. 

The mass flow rate in actual rod bundle of AHWR varies from 0 to 4.7 kg/sec depending on 

operating condition. So if we consider three subchannels in 1/12 segment, the mass flow rate 

can vary in the range 0 to 0.12 kg/sec and correspondingly range of mean velocity is around 0 

to 1.2 m/s. The void fraction in two phase flow is varied from 0 to 0.8 which is same as that 

of actual bundle. The mean superficial liquid velocity is varied from 0 to 0.42 m/s and mean 

superficial gas velocity is varied from 0 to 1.3 m/s.  

Our results indicate that:  

i. The turbulent mixing and void drift both are found to be dependent on void fraction and 

flow regimes even for low mass flux condition typical to AHWR geometry. 
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ii. The magnitude of turbulent mixing rate due to turbulent mixing and diffusion coefficient 

due to void drift is found to be higher for AHWR subchannels geometry compared to 

conventional BWRs geometry for the same mass flux.  

iii. Also the magnitude of turbulent mixing rate and diffusion coefficient found to be increase 

with increase in superficial liquid velocity 

iv The cross flow resistance coefficient due to diversion cross flow in two phase flow is 

higher as compared to single phase flow.  

In the present work, empirical models were developed based on experimental data which 

could predict the inter-subchannel mixing quite accurately with an average error of ± 9 %. 

These models can be used to assess AHWR flow distribution and thermal margin. 
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CHAPTER 1 
 

INTRODUCTION 
 
 
 

 

1.1 Introduction 

 

This chapter gives a brief introduction to different mixing phenomena in a rod bundle i.e. 

turbulent mixing, void drift and diversion cross flow followed by detailed background 

literature of each component of inter-subchannel mixing.  It also provides motivation and 

objective of research work. In this chapter, assessment of models against existing 

experimental data relevant to BWRs geometry has been done. A new model has been 

developed from first principle for the two phases turbulent mixing and compared against 

all the test data generated so far in literature. 

 

1.1.1 Introduction to inter-subchannel mixing phenomena 

 

The flow rate of coolant in the reactor rod bundle is very important for evaluating 

enthalpy distribution and thermal margin. A lot of research has already been dedicated to 

understand the coolant flow and enthalpy distribution in rod bundle geometries. This 

study reveals that study of mixing process between subchannels is very important. Due to 

mixing between subchannels, enthalpy of fluid decreases in hotter subchannel. In 
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subchannel analysis, the lateral cross sectional area of rod bundle along the length is 

divided into number of imaginary flow tubes called subchannels. Once subchannels are 

formed, appropriate conservation equations are solved to get flow rate and enthalpy in the 

subchannels. 

The fluid transfer between subchannels is explained by three mechanisms i.e. turbulent 

mixing, void drift and diversion cross flow (Lahey and Moody (1993), Hotta et al. 

(2005)). Turbulent mixing is an oscillating component of flow in the transverse direction 

between subchannels expressed in units of mass per unit time per unit length. In this 

phenomenon, neither net mass transfer nor net volume transfer of each phase occurs 

between subchannels. The second mechanism is void drift which occurs even in absence 

of pressure difference. Void drift is due to redistribution of non-equilibrium flow to attain 

equilibrium flow or in other words we can say that non-equilibrium void fraction to attain 

equilibrium void fraction. Equilibrium void fraction means that the voids are constant in 

every subchannel and does not vary along the respective subchannels. The third 

mechanism is diversion cross flow which occurs due to lateral pressure difference 

between adjacent subchannels. In this phenomenon, there is a net flow from one 

subchannel to the other subchannel, which occurs at their common boundary. Fig 1.1 

shows subchannel mixing phenomena i.e. turbulent mixing, void drift and diversion cross 

flow in the rod bundle of nuclear reactor. 

 

 
 



 

Fig 1.1
 

 
1.2 Review of literature 

 

1.2.1 Turbulent mixing 

 

(i) Review of single phase turbulent mixing experiments

Single phase turbulent mixing experiments were performed by Petrunik (1968),  Walton 

(1969), Rowe and Angle (1

et al. (1974), Rogers and Tahir (1975), Kelly and Todreas (1977), Sadatomi et al. (2004) 

and Kawahara et al. (2006). These experiments were performed with various subchannel 

arrays like square-squ

rectangular and square-triangular. 

 

 
Fig 1.1 Subchannel mixing phenomena in rod bundle

 

Review of single phase turbulent mixing experiments 

Single phase turbulent mixing experiments were performed by Petrunik (1968),  Walton 

(1969), Rowe and Angle (1969),Galibert and Knudsen (1971), Singh (1972),  Castellana 

et al. (1974), Rogers and Tahir (1975), Kelly and Todreas (1977), Sadatomi et al. (2004) 

and Kawahara et al. (2006). These experiments were performed with various subchannel 

square, triangular-triangular, rectangular-rectangular, square

triangular.  
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Petrunik (1968) determined the single phase turbulent mixing rate between rectangular- 

rectangular subchannel array. Water was used working fluid. The turbulent mixing rate 

was determined by tracer technique. He found that mixing rate increases with increases in 

Reynolds number. The range of Reynolds number was 1.35×103 to 3.08×104. Petrunik 

(1968) also demonstrated that entrance effect at the interconnection length were 

negligible after the entrance length of 13 equivalent hydraulic diameters. Rowe and 

Angle (1969) determined the single phase turbulent mixing rate between square- square 

and square-triangular subchannel array. Water was used working fluid. The turbulent 

mixing rate was determined by comparing the enthalpy values at the test section exit with 

the prediction from COBRA code. Thus mixing rate is depends on mathematical model. 

They also found that mixing rate increases with increases in Reynolds number. The range 

of Reynolds number was 4.2×104 to 1.80×105. In addition to this, Rowe and Angle (1969) 

shows depended of mixing rate on subchannel array. They reported that turbulent mixing 

rate in square-square subchannel is lower than square-triangular subchannel array. 

Walton (1969) determined single phase turbulent mixing rate between triangular-

triangular subchannel array. Water was used working fluid. The turbulent mixing rate 

was determined by tracer technique. He also found that mixing rate increases with 

increases in Reynolds number. The range of Reynolds number was 1.9×103 to 9.1×104. 

Castellana et al. (1974) determined single phase turbulent mixing rate between aquare-

square. Water was used as working fluid. The turbulent mixing rate was determined by 

measuring precisely subchannel exit temperatures over a range of test conditions. Their 

analysis of experimental results found that turbulent mixing rate is function of Reynolds 

numbers, gap spacing and average mass flux between subchannels. The range of 
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Reynolds number was 9×104 to 4.90×105. Singh (1972) determined single phase turbulent 

mixing rate between triangular-triangular array, triangular-square and square-square 

array. Water was used working fluid. The turbulent mixing rate was determined by tracer 

technique. He also found that mixing rate increases with increases in Reynolds number. 

The range of Reynolds number was 1.3×103 to 3.80×104. Singh (1972) reported that 

turbulent mixing rate is dependent on subchannel array. The turbulent mixing rate was 

found to be the lowest in triangular-triangular array and increased for triangular-square 

and square-square array in ascending order while keeping gap spacing between 

subchannels constant. Galibert and Knudsen (1971) determined single phase mixing rate 

between adjacent subchannels in a simulated rod bundle made by placing 1 inch diameter 

in square-square subchannel array. The turbulent mixing rate was determined by tracer 

technique. Five different gaps were used. They concluded that turbulent mixing rate 

increases with rod spacing and Reynolds number. The range of Reynolds number was 

8×103 to 3×104. Kelly and Todreas (1977) determined single phase mixing rate between 

adjacent subchannel arranged in triangular rod arrays. The turbulent mixing rate was 

determined by tracer technique. They found that turbulent mixing rate increases as the 

Reynolds number increases. They also found that mixing rate increases with increases in 

Reynolds number. The range of Reynolds number was 2.0×103 to 2.4×104.  Rogers and 

Tahir (1975) determined single phase turbulent mixing rate between square- square and 

triangular-triangular subchannel array. Air was used working fluid. The turbulent mixing 

rate was determined by tracer technique. They also found that mixing rate increases with 

increases in Reynolds number. The range of Reynolds number was 8.1×103 to 4.95×104. 

Sadatomi et al. (2004) performed experiment with multiple subchannels having square 
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and rectangular subchannel array. . Water was used working fluid. The turbulent mixing 

rate was determined by tracer technique. They also found that mixing rate increases with 

increases in Reynolds number. The range of Reynolds number was 7×103 to 2×104.  They 

also reported that turbulent mixing rate in square-square and rectangular-rectangular is 

lower (about 20 %) than square-rectangular subchannel array. Kawahara et al. (2006) 

determined single phase turbulent mixing rate between triangular-triangular subchannel 

array. Water was used working fluid. They also found that mixing rate increases with 

increases in Reynolds number. The turbulent mixing rate was determined by tracer 

technique. The range of Reynolds number was 1.7×103 to 2.4×105. The turbulent mixing 

rate was determined by tracer technique.  

 

The main findings of these experiments are as follows.  

1. Results show that the magnitude of turbulent mixing rate increases with increase in 

average Reynolds number.  

2. The turbulent mixing rate is very much geometry and operating condition dependent. 

 

(ii) Review of single phase turbulent mixing models  

Numerous correlations have been proposed based on the single phase turbulent mixing 

experiments to predict the magnitude of single phase turbulent mixing rate for various 

subchannel geometry (i.e. square-square, triangular-triangular, rectangular-rectangular, 

square-rectangular and square-triangular) of reactor rod bundle as shown in Table 1.1. 

These correlations are mainly function of average Reynolds number and geometry of 

subchannel.  
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Table 1.1 Review of correlations for different types of subchannel array 

 

Authors  Subchannel 
geometry 

Hydraulic 
diameter  of 
subchannel
Dh (m) 

Correlation in form of W’/µ 

Roger and Tahir 1 (1975) 

 

S-S -  

Roger and Tahir 2 (1975) 

 

T-T 0.0294  

Peternuik (1968) 

 

R-R 0.0203  

Galibert and  Knudsen 1 (1971) 

 

S-S 0.0112  

Galibert and  Knudsen 2 (1971) 

 

S-S 0.012 4  

Galibert and  Knudsen 3(1971) 

 

S-S 0.0147  

Galibert and  Knudsen 4 (1971) 

 

S-S 0.018 3  

Kelly and Todreas (1977) 

 

T-T 0.0127  

Rowe and Angel 1(1969) 

 

S-S 0.0051  

Rowe and Angel 2 (1969) 

 

S-T 0.0073  
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Castellana (1974) 

 

S-S 0.0135  

Rehme (1992) - -  

 

Seale 1 (1979) 

 

S-S 0.027  

Seale 2 (1979) 

 

S-S 0.057  

Seale 3 (1979) 

 

S-S 0.125  

 

 

(iii) Review of two phase turbulent mixing experiments  

The two phase turbulent mixing experiments (Walton (1969), Rudzinski (1970), Singh 

K.S. (1972), Kawahara et al. (1997 (b)), Sadatomi et al. (2004), Kawahara et al. (2006)) 

show that the turbulent mixing is strongly related to flow regimes. 

Walton (1969) determined two phase turbulent mixing rate between triangular-triangular 

subchannel array. Water and air was used working fluid. The total mass flux varies from 

90 to 1000 (kg/m2s). The flow pattern observed is annular flow. The tracer technique is 

used for finding out turbulent mixing rate. The turbulent mixing rate was determined by 

tracer technique. He found that mixing rate decreases with increases in quality in annular 

region. He also discussed the criterion of fully developed flow in each subchannel is 

achieved by keeping the entry length more than 127 times hydraulic diameter. Rudzinski 

' 0.10.027 ReijW SG

µ µ
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(1970) determined two phase turbulent mixing rate between square-square and triangular-

triangular subchannel array. Water and air was used working fluid. The total mass flux 

varies from 680 to 2030 (kg /m2s). The flow pattern observed was bubbly, slug and 

annular flow. The tracer technique is used for finding out turbulent mixing rate. He found 

that the liquid phase turbulent mixing rate starts at zero quality, which increases in 

bubbly flow reaches maximum value in slug churn and then decreases beyond churn-

annular flow transition. The gas phase turbulent mixing rate starts near zero value of 

quality, reaches maximum in slug churn flow and then decreases with increase in quality. 

Singh (1972) determined two phase turbulent mixing rate between triangular-triangular 

array, triangular-square and square-square array. Water and air was used working fluid. 

The total mass flux varies from 40 to 1080 (kg /m2s). The flow pattern observed was 

bubbly, slug and annular flow. The tracer technique is used for finding out the turbulent 

mixing rate. He also found that mixing rate is flow regime dependent and geometry 

dependent. Kawahara et al. (2000) determined two phase turbulent mixing rate between 

two identical rectangular subchannel of 1-centre gap, 2-side gap and 3 gap. Water and air 

was used working fluid. The total mass flux varies from 100 to 1000 (kg /m2s). The flow 

pattern observed was bubbly, slug and annular flow. The tracer technique is used for 

finding out turbulent mixing rate. They also found that mixing rate is flow regime 

dependent. In addition to it, they observed that two phase mixing rate depends on gap 

between the subchannels. On increasing the gap between the subchannels, mixing rate 

increases. Sadatomi et al. (2004) performed experiment with multiple subchannels having 

square and rectangular subchannel array. Water and air was used working fluid. The total 

mass flux varies from 100 to 2000 (kg /m2s). The flow pattern observed was bubbly, slug 
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and annular flow. The turbulent mixing rate was determined by tracer technique. . They 

also found that mixing rate is flow regime dependent. Kawahara (2006) determined two 

phase turbulent mixing rate between triangular-triangular subchannel array. Water and air 

was used working fluid. The total mass flux varies from 100 to 2000 (kg/m2s). The flow 

pattern observed was bubbly, slug and annular flow. The tracer technique is used for 

finding out turbulent mixing rate. They also found that mixing rate is flow regime 

dependent. The experiments on two phase turbulent mixing rate between adjacent 

subchannels are listed in Table 1.2. 

 
Table 1.2 Description of available data on two phase turbulent mixing rate. 
 
S.No. Experiment Subchannel array 

 

 Geometrical  

Description  

Working 

Fluid 

 

Total 

mass 

flux  

1. Walton (1969) 

[T-T 

subchannel 

experiment] 

 

 

d =19.7×10-3m 

S =1.02×10-3m 

Dh =3.9×10-3m 

P/d=1.05 

A=33.9×10-6 m2 

Water 

and air 

90 to 

1000 

(kg 

/m2s) 

2. Rudzinski 

(1970) 

[T-T and S-S 

subchannel 

experiment] 

 

 

d =19.7×10-3m 

S =1.02×10-3m 

Dh =3.9×10-3m 

P/d=1.05 

A=33.9×10-6m2 

Water 

and air 

680 to 

2030 

(kg 

/m2s) 

 

 

d =20.8×10-3m 

S =0.89×10-3m 

Dh=8.75×10-3m 

P/d=1.04 

A=52.4×10-6m2 
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3. Singh (1972) 

[S-S 

subchannel 

experiment 

with varying 

gap width] 

 

 

d =19.8×10-3m 

S =2.03×10-3m 

Dh =9.6×10-3m 

P/d=1.10 

A=1.69×10-4m2 

Water 

and air 

40 to 

1080 

(kg 

/m2s) 

 

 

d =20.8×10-3m 

S =0.89×10-3m 

D =8.7×10-3m 

P/d=1.04 

A=1.52×10-4m2 

 

 

d =21.3×10-3m 

S =0.38×10-3m 

D =8.3×10-3m 

P/d=1.02 

A=1.43×10-4m2 

4. Kawahara et al. 

(1997b) 

[R-R 

subchannel 

experiment 

with varying 

gap number i.e. 

1 center, 2 side 

and 3 gap] 

 

 

d =12×10-3m 

S=2.1×10-3m 

D=15.7×10-3m 

P/d=1.17 

A=4.07×10-4m2 

Water 

and air 

100 to 

1000 

(kg 

/m2s) 

 

 

d =20.8×10-3m 

S =0.89×10-3m 

D=8.75×10-3m 

P/d=1.04 

A=52.4×10-6m2 

 

 

d=12×10-3m 

S =6.3×10-3m 

D=15.7×10-3m 

P/d=1.17 

A=4.07×10-4m2 
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5. Sadatomi et al. 

(2004), 

[Multichannel 

experiment  S-

S (1-1) and   R-

R (2-2) 

subchannel 

experiment] 

 

 

d=16×10-3m 

S=4×10-3m 

D=14.3×10-3m 

P/d=1.25 

A=1.94×10-4m2 

Water 

and air 

100 to 

2000 

(kg 

/m2s) 

d=16×10-3m 

S=4×10-3m 

D=11.2×10-3m 

P/d=1.25 

A=1.38×10-4m2 

6. Kawahara et al. 

(2006) 

[T-T 

subchannel 

experiment] 

 

d =12×10-3m 

S =1.0×10-3m 

D=3.19×10-3m 

P/d=1.08 

A=16.6×10-6m2 

Water 

and air 

100 to 

2000 

(kg 

/m2s) 

 
 

These experiments provide important insights as given below: 

(a) The two phase turbulent mixing rate is sum of liquid phase turbulent mixing rate and 

gas phase turbulent mixing rate and it is strongly related to flow regimes. The liquid 

phase turbulent mixing rate starts at zero quality, which increases in bubbly flow reaches 

maximum value in slug churn and then decreases beyond churn-annular flow transition. 

The gas phase turbulent mixing rate starts near zero value of quality, reaches maximum 

in slug churn flow and then decreases with increase in quality. It is thus rational to 

consider the turbulent mixing separately in each flow pattern. 

(b) The magnitude of liquid phase turbulent mixing rate in two phase flow is quite higher 

as compared to gas phase turbulent mixing rate in two phase flow. 
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(c) Two phase mixing rate depends on gap between the subchannels. On increasing the 

gap between the subchannels, mixing rate increases. 

(d) The two phase turbulent mixing rate increases with increase in mass flux. 

(e) The two phase turbulent mixing rate decreases with increase in pressure. 

  

(iv) Review of two phase turbulent mixing models.  

Initial attempts have been made for the prediction of liquid phase mixing rate and gas 

phase mixing rate in two phase flow by Bues (1972), Kazimi and Kelly (1983) and 

Carlucci et al. (2003). All these models consider all flow regimes as a single group. Only 

Kawahara et al. (2000) have made an attempt to consider the model separately for each 

flow regime.  

Bues (1972) proposed a model which states that the total turbulent mixing rate is 

formulated for two regimes. A physical model is developed for the first region i.e. 

bubbly-slug region and it is combined with an empirical fit for the second region i.e. 

annular region. Kazimi and Kelly (1983) model is based on Bues (1972) model, which 

shows dependence of mixing rate on flow regimes. They proposed a correlation between 

the velocity fluctuation due to two phase turbulent mixing and the velocity fluctuation 

due to single phase turbulent mixing. Kawahara et al. (2000) model is for slug churn flow 

regime. In this model, the liquid phase turbulent mixing rate is the sum of three 

independent component mixing rate due to turbulent diffusion, convective transfer and 

pressure difference. Carlucci et al. (2003) model is based on the principle that the total 

phasic turbulent mixing rate is sum of homogenous turbulent mixing rate and incremental 
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turbulent mixing rate. Table 1.3 shows descriptions of two phase turbulent mixing models 

as follows 

 

Table 1.3 Description of two phase turbulent mixing models. 

 

S.no  Model Equation derived for turbulent mixing rate 

1 Bues (1972) '
, 1

1
' l

I l sph
g

AG s
W W B x

D s

ρ
ρ

−   = +    
     

( )
0

' ' ' '
, ,

0

1
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II g sph p g sph

p p

x

x
W W W W

xx

x x

  
−     = + −    −    
    

2 Kazimi and 

Kelly (1983) 

'
,q q gap q

tph

W S
l

ερ α  =  
  ,  

tph sphl l

ε ε θ   =   
     

 

3 Carlucci et al.  

(2003) 

' ' '
,hom ,l l l tphW W W= + ∆

  

' ' '
,hom ,g g g tphW W W= + ∆

  

 

4 Kawahara et al. 

(2000) 

' ' ' '
, , ,l l td l ct l pdW W W W= + +

,  

( )'
g g gW S Vρ= ∑

%

 

 

The detailed description of these models are shown in Appendix 1 
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1.2.2 Void drift 
 
 
Void drift is due to redistribution of non-equilibrium flow to attain equilibrium flow or in 

other words we can say that non-equilibrium void fraction to attain equilibrium void 

fraction.  Equilibrium void fraction means that the voids are constant in every subchannel 

and do not vary along the respective subchannel axis. This redistribution occurs in reactor 

rod bundle until it reaches to the state of equilibrium void fraction.  

 

(i) Review of void drift experiments  

The void fraction distribution is due to void drift has been observed in rod bundle 

experiments [Lahey and Schraub (1969), Lahey et al. (1972), Gonzalez-Santalo et al. 

(1972), Lahey (1986), Sato et al. (1987), Tapucu et al. (1988), Gencay et al. (2001), 

Sadatomi et al. (1994), Sadatomi et al. (2004)]. These experiments indicate that there is 

an observed tendency for the voids (i.e. vapour or gas) to move toward less obstructed 

regions.  

Lahey and Schraub (1969) performed an experiment to simulate void drift in the 

subchannels of BWR bundle geometry. Water and air was used as working fluid. 

Isokinetic sampling technique was applied to obtain the average flow parameters in 

corner, wall and center subchannel, respectively. The mass flux for this experiment was 

1500 kg /m2s. They observed that the flow quality is much higher in the more open 

interior (centre) subchannels than in the corner and side subchannels of BWR bundle 

geometry. This indicates that the existence of a thick liquid film on the channel wall and 

an apparent affinity of the vapour or gas toward more open subchannels. 
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Lahey et al. (1972) performed an experiment to simulate void drift in the subchannels of 

BWR bundle geometry under diabatic condition with a steam-water mixture under typical 

BWR operating conditions. Isokinetic sampling technique was applied to obtain the 

average flow parameters in corner, wall and center subchannel, respectively. The mass 

fluxes for this experiment were 450 kg /m2s and 900 kg /m2s. A significant flow and 

enthalpy difference could be found in the different subchannel types. The corner 

subchannel shows quality and mass flux lower than the bundle average values despite its 

power-to-flow ratio was higher than the bundle average values. In contrast, the center 

subchannel has higher quality and mass flux than the bundle average values. This trend 

was in agreement with that observed by Lahey and Schraub (1969) in an adiabatic air-

water two phase flow in a nine-rod bundle. It was concluded that this observed trend of 

gaseous phase accumulating in center subchannels is related to an affinity of the gaseous 

phase for less-obstructed high velocity regions, i.e. the center subchannels as in the case 

of the nine-rod bundle. 

Gonzalez-Santalo et al. (1972)  measured  fully developed equilibrium flow distribution 

in a two-channel system simulating subchannels of a typical BWR fuel assembly with 

air-water system under atmospheric conditions. The mass fluxes for this experiment were 

500 kg /m2s and 1000 kg /m2s. They observed void fraction distribution at equilibrium 

state, depends on test section geometry. In the case of test section consisting of two 

identical channels of the same dimension, the two-phase mixture was found equally 

distributed in the two channels at the equilibrium state. 

Tapucu et al. (1988), measured mass exchange rate and pressure difference between two 

identical square channels (hydraulic diameter of 12.7 mm) laterally interconnected with a 
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gap of 1.5 mm clearance. Air-water two-phase mixture was used as working fluid. Inlet 

flows of the same mass flux but substantially different void fractions were introduced 

into the two subchannels. Due to the inlet void fraction difference, interchannel exchange 

through the gap occurs. Subchannel average void fractions along the test section were 

determined by measuring electrical conductivity variation between two thin plate 

electrodes applied on two opposite faces of each channels. Liquid phase exchange 

between the two channels was obtained by injecting a NaCl solution into the channel with 

higher inlet void fraction and measuring the salt concentration variation in both channels 

by sampling the liquid phase at various axial locations along the test section.  

In order to know the effect of subchannel array on void drift, Gencay et al. (2001) 

conducted experiments having square duct channel and simulated subchannel geometry 

array. They observed that the diffusion coefficient which is a measure of void drift; 

increases with increasing average void fraction between adjacent subchannels. The 

turbulent void diffusion coefficient was found to be higher for subchannel geometry array 

as compared to square channel. Kawahara et al. (2006) conducted experiments having 

square-square and triangular-triangular subchannel array. They found that void diffusion 

coefficient due to void drift is smaller in triangular-triangular subchannel array as 

compared to square-square subchannel array. 

In the past decades, a large amount of experimental investigations on two-phase 

interchannel mixing phenomena with air-water two-phase flow under atmospheric 

conditions were carried out in Kumamoto University, Japan [(Sato et al. 1987, Sadatomi 

et al. (1994), Sadatomi et al. (2004)] for investigations on interchannel mixing effect due 

to void drift. The applied geometrical models, as schematically varied from simple two-
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channel systems to a 2×3 multi-rod bundle. The covered flow regimes were mainly slug, 

churn and annular flow regime. Since test loop construction, experimental procedure and 

measurement techniques of the above mentioned investigations were quite similar, they 

are summarized here together. 

All the test sections were made up of three parts: an entry section, a connection section 

and a discharge section. In the entry and discharge section, the gap between adjacent 

subchannels was completely blocked so that no inter-subchannel mixing exists, while in 

the connection section the blockage of the gap was removed so that inter-subchannel 

mixing through the gap can occur. The most important assumption made by the authors is 

that turbulent mixing (TM), which is the only active mixing effect at equilibrium state, 

induces neither net mass exchange nor net volume exchange between interacting 

subchannels. Furthermore, diversion cross flow was assumed by the authors to be 

prevented with the equal time-averaged mean pressure in each subchannels at both inlet 

and outlet of the connection section. 

Under these conditions, the two-phase mixture at the end of the connection section was 

isokinetic split into individual subchannels and discharged. After passing the discharge 

section the two-phase mixture was finally separated and exit mass flow rates of each 

phases in individual subchannels were then measured due to void drift. 
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(ii) Review of void drift models  

Lahey and Moody (1993) proposed a model for void drift called as void settling model 

which has been widely used in two-subchannel system experiments by Sadatomi et al. 

(1994), Kawahara et al. (2006) and Kawahara et al. (2009); and for multi-subchannel 

system by Sadatomi et al. (2004). Net lateral mass flux of gas phase due to the void drift 

between subchannels Gg,ij is calculated from the equation as follows 

 

, ( ) ( ) /g ij g i j i j eq ijG D Sρ α α α α = − − −                                                                          (1.1) 

   

where Gg,ij is net change in mass flux between adjacent subchannels (i.e. subchannel “i” 

and  subchannel “j”) due to void drift, ρg is the density of gas, D is void diffusion 

coefficients, (αi- αj) is void fraction difference in non-equilibrium flow,  (αi- αj)eq is void 

fraction difference in equilibrium flow and Sij is gap between the subchannels.  

Lahey et al. (1972) derived a model based on Levy’s model (1963). They proposed a 

model for predicting equilibrium void fraction. It is based on the principle that ratio of 

void fraction difference to average void fraction is proportional to ratio of difference in 

mass flux to average mass flux. Rowe et al. (1990) derived a model for predicting 

equilibrium void fraction. It is based on the principle that the equilibrium void fraction is 

a function of average void fraction and average hydraulic diameter between adjacent 

subchannels. Carlucci et al. (2004) modified Rowe et al. (1990) model by including a 

constant K and the factor of mass-flux and pressure FG,p. Lahey et al. (1972), Rowe et al. 

(1990) and Carlucci et al. (2003) proposed a model to evaluate the void fraction 

distribution in a hydraulically equilibrium flow as shown in Table 1.4.  
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Table 1.4 Description of void drift models  

S.no  Model Equation derived for turbulent mixing rate 

1 Lahey et al. (1972) 

 

( ) ( )i j i j

avg avg

G G

G

α α
α

− −=
 

2 Rowe et al. (1990) ,

,
(1 )(1 )h avg

h i

D

i avg avg avg Dα α α α= + − −

,  

 

3 Carlucci et al. (2004) ,

,, (1 )(1 )h avg

h i

D

i avg avg G p avg DK Fα α α α= + − −
 

 

1.2.3 Diversion Cross flow 
 
 
The third mechanism is diversion cross flow which occurs due to lateral pressure 

difference between adjacent subchannels. In this phenomenon, there is a net flow from 

one subchannel to the other subchannel at their common boundary. Lateral pressure 

difference can result from different subchannel hydraulic diameter, heat flux distribution; 

gradual or abrupt changes in flow area i.e. fuel rod bowing and spacer respectively. 

 

(i) Review of diversion cross flow experiments  

Diversions cross flow experiments were performed by (McNown (1954), Champman 

(1963), Dittrich and Graves (1956), Dittich (1958), Tappacu (1976), Kawahara (2006) 

and Iwamura (1986)). A survey of open literature on diversion cross-flow has shown that 

available experimental data are very limited. Early experiments on diversion cross-flow 
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were carried out on discrete blowing or sucking manifolds. In blowing manifolds, a large 

fluid stream is subdivided by a number of lateral discrete discharge ports, whereas in 

sucking manifolds a large stream is formed by the combination of smaller streams 

through the lateral ports. McNown (1954), using a 2-in. dia. pipe as the main channel, 

and 1-in. and ½-in. tubing as laterals, determined the changes in piezometric and total 

head of the main and lateral flow. Chapman (1963) conducted experiments in order to 

determine the effectiveness of cross-flow on pressure equalization between two parallel-

flow channels coupled by holes. St. Pierre (1966) using the experimental data of 

McNown (1954) for discrete blowing manifolds, determined the values of the transverse 

resistance coefficient (K). Their study concluded that the transverse resistance coefficient 

decreases with the ratio of cross flow velocity to the average mean velocity between the 

subchannels.   

In summary, very limited experimental data are available on transverse resistance 

coefficient in open literature. Most of the existing data were obtained on blowing or 

sucking manifolds, wall holes and short slots (McNown (1954), Champman (1963), 

Dittrich and Graves (1956), Dittich (1958). They are useful in giving an idea on the 

general behavior of the phenomenon, but are not applicable in nuclear reactor rod bundle 

sub-channel analysis. Only Tappacu (1976) and Kawahara (2006) have performed 

experiment using two subchannel systems. So there is need for more experimental data 

related to subchannel analysis. 
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(ii) Review of diversion cross flow models  

The cross-flow loss factor is denoted by the term 'transverse resistance coefficient. In 

computer predictions in codes such as COBRA, the transverse resistance coefficient is 

assumed to be constant all along the gap between the subchannels e.g. 0.15 [Rowe 

(1973)], 0.5 [Rowe (1973)], 1.0 [Tappacu (1988)], 2.5 [Shoukri, (1985)]. The experiment 

performed by Tapucu [1976] shows that cross flow resistance coefficient is not constant 

but it is a function of ratio of the lateral flow velocity to the donor channel axial velocity, 

the recipient channel axial velocity, and of the gap clearance and thickness of the slot.  

Kim and Park (1975) proposed a correlation for predicting cross flow resistance as a 

function of ratio of the lateral flow velocity to the donor channel axial velocity, Reynolds 

number of recipient channel and ratio of pitch to diameter.  Kawahara (2006) proposed a 

correlation for predicting cross flow resistance as a function of ratio of cross flow 

velocity to the average mean velocity between the subchannels. Iwamura (1986) 

proposed a correlation relating cross-flow resistance as proportional to void fraction and 

cross-flow Reynolds number.  

 

1.3 Assessment of two phase turbulent mixing models 
 

As said before, there are a few turbulent mixing models available in literature like Bues 

(1972), Kazimi and Kelly (1983), Kawahara et al. (2000) and Carlucci et al. (2003), 

which are primarily developed from experimental data. In this work, an assessment of 

turbulent mixing models was performed against existing experimental data, which are 

presented in Figures 1.2, 1.3, 1.4 and 1.5.  
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In this section, we evaluate the turbulent mixing models against the data obtained from 

present experiments of two phase turbulent mixing as discussed above. 

For evaluation, we have compared the measured (experimental) liquid and gas phase 

turbulent mixing rate in single phase phase flow W’exp with predicted liquid and gas 

turbulent mixing rate in two phase flow W’cal. The error analysis has been done to find 

out maximum, minimum and average error between measured and predicted value of 

single phase turbulent mixing rate. The error analysis shows how predicted value by 

turbulent mixing models differs from measured experimental values. 

 
The maximum and minimum error is calculated as: 
 
 

Maximum Error (+ve deviation),
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The average error is calculated as 

 

            (1.4) 
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(i) Evaluation of model of Bues (1972) 

 

In Bues (1972) model, the calculated liquid phase turbulent mixing rate shows very large 

discrepancy against measured liquid phase mixing rate as shown in Figure 1.2 (a). 

 

 

Fig. 1.2 (a) Comparison of the predictions of Bues (1972) model against subchannel 

experiments for liquid phase turbulent mixing rate in two phase flow. 

For liquid phase, the calculated turbulent mixing rate differs from measured turbulent 

mixing rate by +4320% and –93% with an average error of +515.37%. Bues (1972) 

model is compared with liquid phase turbulent mixing experimental data for a gap width 

varies 1 mm to 4 mm. The prediction showed an average error of more than +700% for 

Kawahara et al. [1997b] and Sadatomi et al. [2004] subchannel experiment because the 

gap width is more than 2.1 mm and Bues (1972) model considers gap size less than equal 

to 2.1 mm. 
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The discrepancies between Bues (1972) model and experimental data for liquid phase in 

two phase flow have been compared for individual subchannel geometry, which are listed 

in Table 1.5. 

 

Table 1.5 Error analysis between calculated liquid phase turbulent mixing rate (Bues 

(1972) model) and measured liquid phase turbulent mixing rate in two phase flow. 

 

Subchannel geometry +ve Error % -ve Error % Average Error % 

1-C gap Kawahara 3650 77.7 +1210 

2-S gap Kawahara 4320 89.9 +1420 

3 gap Kawahara 4100 88.5 +1020 

T-T Rudzinski 4180 79.9 +453 

S-S Rudzinski 47.2 83.8 -37.7 

T-T Kawahara 3970 78.1 +216 

T-T Walton 465 60 +56.8 

S-S Singh 578 92.9 +22.8 

S-S Sadatomi 3200 72.1 +723 

R-R Sadatomi 709 81.5 +60 
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The gas phase turbulent mixing rate data underpredicts measured gas phase turbulent 

mixing rate, as shown in Figure 1.2 (b).  

 

Fig. 1.2 (b) Comparison of the predictions of Bues (1972) model against subchannel 

experiments for gas phase turbulent mixing rate in two phase flow. 

 

For gas phase, the calculated turbulent mixing rate differs from measured turbulent 

mixing rate by +412% and –99% with an average error of –52.13%. The discrepancies 

between Bues (1972) model and experimental data for gas phase in two phase flow have 

been compared for individual subchannel geometry, which are listed in Table 1.6. 
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Table 1.6 Error analysis calculated gas phase turbulent mixing rate (Bues (1972) model) 

from measured gas phase turbulent mixing rate in two phase flow. 

Subchannel geometry +ve Error % –ve Error % Average Error % 

1-C gap Kawahara 88.7 95.2 –17.5 

2-S gap Kawahara 109 93.1 –5.39 

3 gap Kawahara 138 83.4 +13.8 

T-T Rudzinski 1.92 98.1 –73.2 

S-S Rudzinski - 98.3 –90.5 

T-T Kawahara 412 93.2 –32.5 

T-T Walton - 94.9 –87.6 

S-S Singh 290 97.5 –67.0 

S-S Sadatomi - 96 –79.3 

R-R Sadatomi - 98.7 –82.2 

 

 

(ii) Evaluation of model of Kazimi and Kelly (1983) 

Kazimi and Kelly (1983) model shows that most of the calculated data overpredict the 

measured liquid phase turbulent mixing rate. The calculated liquid phase turbulent 

mixing rate differs from measured liquid phase turbulent mixing rate by +1480% and –

86% with an average error of 153.24%, which is shown in Figure 1.3 (a).  
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Fig. 1.3 (a) Comparison of the predictions of Kazimi and Kelly (1983) model against 

subchannel experiments for liquid phase turbulent mixing rate in two phase flow. 

 

The discrepancies between Kazimi and Kelly (1983) model and experimental data for 

liquid phase in two phase flow have been compared for individual subchannel geometry, 

which are listed in Table 1.7. 
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Table 1.7 Error analysis between calculated liquid phase turbulent mixing rate (Kazimi 

and Kelly (1983) model) and measured liquid phase turbulent mixing rate in two phase 

flow. 

Subchannel geometry +ve Error % –ve Error % Average Error % 

1-C gap Kawahara 720 25.9 + 270 

2-S gap Kawahara 138 81 + 17.1 

3 gap Kawahara 53.9 86 – 27.3 

T-T Rudzinski 1060 23.3 + 218 

S-S Rudzinski 974 - + 333 

T-T Kawahara 930 21 + 142 

T-T Walton 1200 47.5 + 289 

S-S Singh 1340 64.7 + 134 

S-S Sadatomi 1480 65.6 + 197 

R-R Sadatomi 139 78 – 40.4 

 

The calculated gas phase turbulent mixing rate underpredict the measured gas phase 

turbulent mixing rate. The calculated gas phase turbulent mixing differs from measured 

gas phase turbulent mixing rate by +2810% and –99% with an average error of –41.8%, 

which is shown in Figure 1.3 (b).  
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Fig. 1.3 (b) Comparison of the predictions of Kazimi and Kelly (1983) model against 

subchannel experiments for gas phase turbulent mixing rate in two phase flow. 

 

Here, most of the calculated data overpredict the measured liquid phase turbulent mixing 

rate and underpredict measured gas phase turbulent mixing rate. The pattern of error is 

more or less same in comparison to Bues (1972) model. The discrepancies between 

Kazimi and Kelly (1983) model and experimental data for gas phase in two phase flow 

have been compared for individual subchannel geometry, which are listed in Table 1.8.  
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Table 1.8 Error analysis between calculated gas phase turbulent mixing rate (Kazimi snd 

Kelly (1983) model) from measured gas phase turbulent mixing rate in two phase flow. 

Subchannel geometry +ve Error % –ve Error % Average Error % 

1-C gap Kawahara - 90.5 –78.1 

2-S gap Kawahara - 97 –88.9 

3 gap Kawahara - 96.7 –93.6 

T-T Rudzinski - 94.6 –85.2 

S-S Rudzinski 428 88.2 +5.26 

T-T Kawahara 2480 96.7 +152 

T-T Walton 27.7 93.3 –67.4 

S-S Singh 2810 94.3 +25.9 

S-S Sadatomi - 97.3 –91.7 

R-R Sadatomi - 99 –96.6 

 

(iii) Evaluation of model of Kawahara et al. (2000)  

Kawahara et al. (2000) model is limited to slug churn flow regime only. This is not valid 

for other flow regimes like bubbly and annular flow regime. Validation of this model has 

been done for rectangular-rectangular subchannels (1-C, 2-S and 3 gaps) and square-

square subchannels against Kawahara et al. (1997b) and Rudzinski (1970) experiment 

respectively. This model is not evaluated for other subchannel experiments. On 

evaluation of Kawahara et al. (2000) model against slug churn data obtained from 

subchannel experiments, it is found that most of the data for both calculated liquid and 
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gas phase turbulent mixing rate overpredict measured liquid and gas phase turbulent 

mixing rate which is shown in Figures 1.4 (a) and 1.4 (b).  

 

 

Fig. 1.4 (a) Comparison of the predictions of Kawahara et al. (2000) model against 

subchannel experiments for liquid phase turbulent mixing rate in two phase flow. 

 

For liquid phase, the calculated turbulent mixing rate differs from measured turbulent 

mixing rate by +9370% and –71.9% with an average error of 1200%. The reason for 

showing large average error is that this model considers only rectangular-rectangular 

subchannels (1-C, 2-S and 3 gaps) having flow area more than other subchannel 

geometries. The discrepancies between Kawahara et al. (2000) model and experimental 

data for liquid phase in two phase flow have been compared for individual subchannel 

geometry, which are listed in Table 1.9.  
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Table 1.9 Error analysis between calculated liquid phase turbulent mixing rate 

(Kawahara et al. (2000) model) and measured liquid phase turbulent mixing rate in two 

phase flow. 

Subchannel geometry +ve Error % –ve Error % Average Error % 

1-C gap Kawahara 739 - + 457 

2-S gap Kawahara 87 71.9 + 29.1 

3 gap Kawahara 161 65.6 +74.1 

T-T Rudzinski 823 - + 405 

S-S Rudzinski 707 - + 380 

T-T Kawahara 9370 - + 2990 

S-S Sadatomi 4740 - + 2450 

R-R Sadatomi 1930 - +1000 

S-S Singh 1140 - + 548 

 

 

Fig. 1.4 (b) Comparison of the predictions of Kawahara et al. (2000) model against 

subchannel experiments for gas phase turbulent mixing rate in two phase flow. 
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For gas phase, the calculated turbulent mixing rate differs from measured turbulent 

mixing rate by +7940% and –78.3% with an average error of 637%. The reason for over 

prediction of calculated gas phase mixing rate is that it depends on liquid phase turbulent 

mixing rate which also overpredicts the measured liquid phase turbulent mixing rate. The 

discrepancies between Kawahara et al. (2000) model and experimental data for gas phase 

turbulent mixing rate have been compared for individual subchannel geometry, which are 

listed in Table 1.10. 

 

 Table 1.10 Error analysis between calculated gas phase turbulent mixing rate (Kawahara 

et al. (2000) model) and measured gas phase turbulent mixing rate in two phase flow. 

Subchannel geometry +ve Error % –ve Error % Average Error % 

1-C gap Kawahara 291 - + 249 

2-S gap Kawahara - 26.5 –17.1 

3 gap Kawahara 64.4 36 +12.9 

T-T Rudzinski 98.2 78.3 + 14.1 

S-S Rudzinski 84.9 18.3 + 13.7 

T-T Kawahara 7940 - + 1860 

S-S Sadatomi 1730 - + 1010 

R-R Sadatomi 669 - +401 

S-S Singh 626 1.47 + 234 
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(iii) Evaluation of model of Carlucci et al. (2003) 

In Carlucci et al. (2003) model, the calculated liquid and gas turbulent mixing rate shows 

large discrepancy, when compared against measured liquid and gas phase turbulent 

mixing rate as seen in Figures 1.5 (a) and 1.5 (b) respectively. 

 

 

Fig. 1.5 (a) Comparison of the predictions of Carlucci et al. (2003) model against 

subchannel experiments for liquid phase turbulent mixing rate in two phase flow. 

 

For liquid phase, the calculated turbulent mixing rate differs from measured turbulent 

mixing rate by +1900% and –95% with an average error of –15.6%. The discrepancies 

between Carlucci et al. (2003) model and experimental data for liquid phase in two phase 

flow have been compared for individual subchannel geometry, which are listed in Table 

1.11.  
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Table 1.11 Error analysis between calculated liquid phase turbulent mixing rate Carlucci 

et al. (2003) model) and measured liquid phase turbulent mixing rate in two phase flow. 

Subchannel geometry +ve Error % –ve Error % Average Error % 

1-C gap Kawahara 40.7 52.6 –9.4 

2-S gap Kawahara - 82.9 –60.6 

3 gap Kawahara - 84.6 –65.6 

T-T Rudzinski 57.2 71.3 –25.7 

S-S Rudzinski 143 28.1 +10.7 

T-T Kawahara 1900 20.7 +329 

T-T Walton 34 91.3 –50.5 

S-S Singh 79.3 95 –64.6 

S-S Sadatomi 321 70.8 +13.1 

R-R Sadatomi - 92.2 –69.6 

 

For gas phase, the calculated turbulent mixing rate differs from measured turbulent 

mixing rate by +8910% and –96% with an average error of +104%. The discrepancies 

between Carlucci et al. (2003) model and experimental data for gas phase in two phase 

flow have been compared for individual subchannels geometry, which are listed in Table 

1.12. 

comp
Line
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Fig. 1.5 (b) Comparison of the predictions of Carlucci et al. (2003) model against 

subchannel experiments for gas phase turbulent mixing rate in two phase flow. 

 

Table 1.12 Error analysis between calculated gas turbulent mixing rate Carlucci et al. 

(2003) model) and measured gas turbulent mixing rate in two phase flow. 

Subchannel Geometry +ve Error % –ve Error % Average Error % 

1-C gap Kawahara 41.6 90.1 –36.4 

2-S gap Kawahara - 86.6 –63.0 

3 gap Kawahara - 88.4 –66.9 

T-T Rudzinski 36.6 96 –59.7 

S-S Rudzinski 53.2 59.8 –14.2 

T-T Kawahara 8910 - +1340 

T-T Walton 135 89 –40.4 

S-S Singh 2350 90.9 +28.8 

S-S Sadatomi 73.5 93.3 –33.2 

R-R Sadatomi - 95.6 –72.2 
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It may be noted that for triangular-triangular subchannels of Kawahara et al. (2006) 

experiment, the model predicts with an average error of +329% for liquid phase and 

+1340% of gas phase. The reason behind showing large average error is that the flow 

area of triangular-triangular subchannels is very less as compared to other subchannel 

geometry. 

Evaluation of these models provide important shortcoming which are as follows. 

(a) Array effect: In all these models except Kawahara et al (2000) model, the array effect 

like Square-Square, Rectangular- Rectangular, and Triangular-Triangular subchannel 

array has not been considered. 

(b) Channel size effect: In Carlucci (2003) model, channel size effect is not properly 

modeled as shown by large error in Triangular-Triangular subchannel experiment of 

Kawahara (2006) where area of subchannel is very less (~16.6 mm2). 

(c) Gap size effect: In Bues (1972), Kazimi and Kelly (1983) and Carlucci et al (2003), 

the gap between subchannels is not properly modeled which results a large error for gap 

more than 2.1 mm. 

(d) Pressure effect: in Kawahara et al (2000) model, the effect of pressure has not been 

considered. 
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The major findings from the assessment of two phase turbulent mixing models are as 

follows. 

1. There are large differences among the data of turbulent mixing rate from one 

subchannel array to another. 

2. There are large differences among the models when it is compared with the same 

experimental data as shown in Table 1.13 

 

Table 1.13 Error analysis between calculated liquid turbulent mixing and measured 

liquid turbulent mixing rate in two phase flow.   

   

 

Model  

Liquid mixing rate Gas mixing rate 

Maximum 

error% 

Minimum 

error% 

Average 

error% 

Maximum 

error% 

Minimum 

error% 

Average 

error% 

Bues 

 (1972) 

+4320 -93 +515.4 +412 -93 -52.1 

Kazimi and 

Kelly(1983) 

+1480 -86 +153.2 +2810 -99 -41.8 

Kawahara 

(2000) 

+9370 -71.9 +1200 +7940 -78.3 +637 

Carlucci 

(2003) 

+1900 -95 -15.6 +8910 -96 +104 

 

The differences in results observed in the Figures can be due to differences in geometry 

and operating condition in the experimental set-up.  
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1.4 Motivation for Ph.D work 
 

Flow distribution within the rod bundle is very important for evaluation of thermal 

margin. For correct prediction of flow and enthalpy distribution, determination of inter-

subchannel mixing phenomena like turbulent mixing, void drift and diversion cross flow 

is required. Our assessment of inter-subchannel models shows that there is large 

discrepancy between prediction by models and measured experimental data. This is 

because inter-subchannel mixing i.e. turbulent mixing, void drift and diversion cross flow 

are highly geometry and operating condition dependent. The literature also supports our 

assessment. The following points show how turbulent mixing, void drift and diversion 

cross flow are affected by subchannel array: 

(i) Turbulent mixing: According to Lahey and Schraub (1969), subchannel array and size 

are important parameters which affect turbulent mixing rate. Rowe and Angle (1969) 

reported that turbulent mixing rate in square-square subchannel is lower than square-

triangular subchannel array. Singh (1972) reported that turbulent mixing rate is dependent 

on subchannel array. The turbulent mixing rate was found to be the lowest in triangular-

triangular array and increased for triangular-square and square-square array in ascending 

order while keeping gap spacing between subchannels constant. Sadatomi et al. (2004) 

performed experiment with multiple subchannels having square and rectangular 

subchannel array. They also reported that turbulent mixing rate in square-square and 

rectangular-rectangular is lower than square-rectangular subchannel array.  

(ii) Void Drift: In order to know the effect of subchannel array on void drift, Gencay et 

al. (2001) conducted experiments having square duct channel and simulated subchannel 

geometry array. They observed that the diffusion coefficient which is a measure of void 
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drift; increases with increasing average void fraction between adjacent subchannels. The 

turbulent void diffusion coefficient was found to be higher for subchannel geometry array 

as compared to square channel. Kawahara et al. (2006) conducted experiments having 

square-square and triangular-triangular subchannel array. They found that void diffusion 

coefficient due to void drift is smaller in triangular-triangular subchannel array as 

compared to square-square subchannel array.  

(iii) Diversion cross flow: The cross flow resistance in diversion cross flow is found to be 

dependent on subchannel array. Tappacu (1976) found that cross flow resistance for rod 

bundle geometry is different one to the other geometry.  

In view of the above, it can be concluded that subchannel geometry has significant effect 

on inter-subchannel mixing phenomena. 

It may be noted that, the subchannel geometry of AHWR rod bundle is different from 

conventional BWRs and ESBWR. The rods in AHWR bundle are arranged in circular 

subchannel array unlike conventional BWRs or ESBWR geometry in which rods are 

arranged in square-square, rectangular-rectangular and square-rectangular subchannel 

array as shown in Figure 1.6 (a) and 1.6 (b). 
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                                   (a) BWR                                             (b) AHWR 

Fig. 1.6 BWR and AHWR lattice  

In the view of above, data obtained from conventional BWRs or ESBWR cannot be used 

for AHWR  

In addition, AHWR being a natural circulation BWR, the mass flux condition in the 

subchannels can vary from close to zero to rated condition depending on the power, 

which is different from conventional BWRs wherein the mass flux in the subchannel is 

more or less constant irrespective of power. Effect of variation of mass flux in the 

subchannels on two phase mixing phenomena typical to AHWR specific geometry has 

never been investigated. The Steam generator heavy water reactor (SGHWR) bundle 

even though has similar geometry like AHWR rod bundle, however, there are almost no 

studies performed on inter-subchannel mixing studies for this reactor The major thermal 

hydraulic parameter of AHWR and ESBWR is shown in Table 1.14 

Table 1.14.  Major thermal hydraulic parameter of AHWR and ESBWR 

Quantity AHWR ESBWR 

Thermal Power  920MWt 4500 MWt 

Electric Power  300 MWe 1600 MWe 

Subchannel 

Fuel pin 
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1.5 Objective and solution strategy 

 

The objective of present work is to establish mixing in subchannels of AHWR rod bundle 

due to turbulent mixing, void drift and diversion cross flow.  

The strategy for solving issues (indicated in section 1.4) in AHWR rod bundle is carried 

out in following steps 

1. Carrying out experiments in 1:1 scaled test facility for each component of inter-

subchannel mixing i.e. turbulent mixing, void drift and diversion cross flow applicable to 

AHWR rod bundle 

2. Assessment of existing models against present experiment data for turbulent mixing, 

void drift and diversion cross flow applicable to AHWR rod bundle, and 

3. Development of new models for turbulent mixing, void drift and diversion cross flow, 

if existing models cannot predict the measured values of present experiment applicable to 

AHWR rod bundle  

Total number of channels 452 1132 

Coolant Light Water  Light Water  

Moderator Heavy Water  Light Water  

Total core flow rate  2237 kg/s 10,000 kg/s 

Average Steam Quality 18.2 % 17 % 

Steam Drum Pressure 70 bar 71.1 bar 
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1.6 Development of a new model for turbulent mixing in rod bundle. 
 

Since previous models have large errors, there is a need to develop a new turbulent 

mixing model which can predict well for various subchannel geometries. A two phase 

turbulent mixing model is proposed in this thesis to predict liquid and gas phase mixing 

rate. 

According to equi-volume model (Todreas and Kazimi (1976)), the turbulent mixing rate 

per unit length in single phase flow can be written as 

 

                                                                                                                                        (1.6) 

 

Where ρ is density, ε is eddy diffusivity, Zij
T is turbulent mixing length and S is gap 

spacing between subchannels. 

 

Equation (1.6) can be further simplified as 

 

               (1.7) 

 

Where µ= dynamic viscosity and ν= kinematic viscosity. 

 

Thus, 

 

                (1.8) 
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               (1.9) 

 

The parameter       is taken proportional to the Reynolds number 

 

             (1.10) 

 

To consider the effect of gap to centroidal distance ratio for different subchannel array as 

shown in Figure 1.7, the turbulent mixing length is modified according to (Todreas and 

Kazimi (1976)) as follows: 

 

 

             (1.11) 

   

Fig. 1.7 Representation of geometrical parameter in R-R, S-S and T-T subchannel array.  

Substituting the results of equation (1.10) and (1.11) in equation (1.9), we get 
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Equation (1.12) is modified in terms of mixing number as follows 

 

                                                                                                                      (1.13) 

 

Where mixing number and Reynolds number can be represented by  

 

                                                         (1.14) 

 

  
Re hV Dρ

µ
× ×=

                                                                                                       
(1.15) 

 

Dh is hydraulic diameter, A is flow area, V is velocity of fluid, S is gap between 

subchannels, δ is centroidal distance between subchannels, C is coefficient and a and b 

are exponents.  

Hence the model for single phase mixing rate is represented by Eq. (1.16) is as follows 
 
 
                                                                                                                                      (1.16) 

 

The model for two phase turbulent mixing rate is modified by replacing single phase flow 

properties with two phase flow properties. Thus liquid phase turbulent mixing number for 

two phase flow in subchannels is a function of mixture Reynolds number, gap and 

centroidal distance between subchannels. In addition, the volumetric fraction needs to be 

incorporated in the model.  
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The model can be represented as 

 

( ), Re , ,l mix mixN f S= δ,β
                                                                                               (1.17) 

 

The equation for liquid phase turbulent mixing in two phase flow can be written as 

follows 

 

( ), Re la

l mix l mixN C= ×                        (1.18) 

 

Where ,

' 2

,
hom

l mix

l mix

W D
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          (1.19) 
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G D

µ
×=                                (1.20) 

 

                                                                                       

                                                                                    (1.21) 

 

The coefficient (Cl) and exponent (al) were obtained by fitting the test data plotted on   

dimensionless liquid phase turbulent mixing number against mixture Reynolds number as 

shown in Figure 1.8. 
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The equation so obtained is given by relationship
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Similarly the gas phase turbulent mixing number for two phase flow in subchannels 

be expressed as function of mixture Reynolds number, volumetric f

centroidal distance between subchannel

 

( ), Re , ,g mix mixN f S= δ,β
                                                                                      

 

The equation for gas phase turbulent mixing 

 

((, ln Reg mix g gas mixN C β= × ×

Fig. 1.8 Liquid phase turbulent mixing rate. 

obtained is given by relationship 

( )1.80
0.00104 Remix× × ×

     

turbulent mixing number for two phase flow in subchannels 

function of mixture Reynolds number, volumetric f

distance between subchannels. The model can be represented as

                                                                                      

gas phase turbulent mixing in two phase flow can be written as follows

))ln Re
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g mix g gas mix         
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   (1.22) 

turbulent mixing number for two phase flow in subchannels can 

function of mixture Reynolds number, volumetric fraction, gap and 

. The model can be represented as  

                                                                                              (1.23) 

n be written as follows 

              (1.24) 
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 
 
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) and exponent (ag) were obtained from the test data plotted on 

phase turbulent mixing number against combined volumetric gas 

fraction and mixture Reynolds number as shown in Figure 1.9. 

Fig. 1.9 Gas phase turbulent mixing rate 
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              (1.25) 

   (1.26) 

                      (1.27) 

) were obtained from the test data plotted on 

mixing number against combined volumetric gas 
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The equation so obtained is given by relationship 

 

( )( )
,

5.1436

hom'
2

0.0000749 ln Re
g mix

gas mixA
W

D

µ β× × × ×
=       (1.28) 

 

The model described by equation (1.22) and (1.28) does not consider the subchannel 

geometry and pressure effect. To incorporate geometrical influence and pressure effect, 

the model has been modified as discussed below 

 

(a) Incorporation of gap and centroidal distance between subchannels: 

The two phase turbulent mixing is affected by various parameters such as subchannel 

geometry, spacer and gap spacing between subchannels.  

The equation of gap to centroid factor for liquid phase turbulent mixing rate can be 

expressed as best fit by  
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            (1.29) 

where 

Re
la

l l mixK C  =                                                                                                      (1.30) 

 

The coefficient (C1) and exponent (a1) were obtained using the test data of subchannel 

experiments of Rudzinski (1970), Kawahara et al. (1997(b)), and Kawahara et al. (2006) 

plotted on dimensionless gap to centroid factor against combined gap to centroidal 
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distance ratio and volumetric liquid fraction against combined gap to centroidal distance 

ratio and volumetric liquid fraction of individual subchannel geometries (R-R, T-T, and 

S-S) as shown in Figure 1.10 (a), 1.10 (b) and 1.10 (c). 

 

 

(a)        (b) 

 

(c) 

Fig. 1.10 The coefficient C1 and exponent a1 for various subchannel geometry in liquid 

phase mixing rate  
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The equation of gap to centroid factor for gas phase turbulent mixing rate can be 

expressed as best fit by 

 

( )1

, 1
, liq

S
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                    (1.31) 

where 

 

1

1 ln(Re )
a

g gas mixK C β = ×                                                                              (1.32) 

 

The coefficient (C1) and exponent (a1) were obtained using the test data of subchannel 

experiments of Rudzinski (1970), Kawahara et al. (1997(b)), and Kawahara et al. (2006) 

plotted on dimensionless gap to centroid factor against combined gap to centroidal 

distance ratio and volumetric liquid fraction of individual subchannel geometries (R-R, 

T-T, and S-S) as shown in Figure 1.11 (a), 1.11 (b), and 1.11 (c). 

 

       

(a)        (b) 
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      (c) 

Fig. 1.11 The coefficient C1 and exponent a1 for various subchannel geometry in gas 

phase turbulent mixing rate 

 (ii) Modeling of pressure effect 

Carlucci (2003) is the only model which considers pressure effect in terms of bubble 

diameter, which changes with change in pressure. However, bubble diameter is difficult 

to predict in two phase flow since the size of bubble does not have a single value for a 

particular operating condition. However the bubble diameter which has strong effect on 

void fraction depends on the surface tension of fluid. Hence, the present model considers 

the surface tension of fluid to model the effect of pressure. As surface tension of fluid is a 

function of temperature at corresponding pressure 

Thus the effect of pressure is represented by the following expression 

. .

. .
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H T
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R T

F
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            (1.33) 
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σH.T.= surface tension at high temperature at a corresponding saturation pressure, 

σR..T.= surface tension at reference temperature i.e. ambient temperature at a 

corresponding saturation pressure 

The correlation so obtained by equation (1.22) and equation (1.28) are modified by 

introducing gap to centroid factor (Fgc) and pressure dependent factor (Fp). The modified 

equation for liquid and gas phase are as follows 
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The equations (1.34) and (1.35) for liquid phase and mixing rate is expressed in terms 

liquid phase and gas phase turbulent mixing number are as follows 

 

                                                                    (1.36) 

 

                                                                    (1.37) 

 

The proposed model is evaluated by comparing the prediction from present model with 

experimental data in a two phase slug churn flow regime. 
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(i) Test against low pressure and temperature (ambient) air-water experimental 

data 

Figure 1.12 shows comparison between calculated and measured liquid phase turbulent 

mixing rate in two phase flow. 

 

 

Fig. 1.12 Comparison of the predictions of present model against subchannel experiments 

for liquid phase turbulent mixing rate in two phase flow. 

 

An error analysis performed for liquid phase turbulent mixing rate and found that 

maximum error, minimum error and mean error for liquid phase mixing rate considering 

all subchannel geometry is about +91.7%, -54.3% and -4.27 % respectively. The error 

analysis for individual subchannel geometry, which are listed in Table 1.15. 
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Table 1.15 Error analysis between calculated liquid phase turbulent mixing and measured 

liquid turbulent mixing rate in two phase flow        

Subchannels geometry Max error Min error Average Error % 

1-C gap Kawahara +37 -10.2 +11.5 

2-S gap Kawahara -8.01 -34.5 -18.5 

3 gap Kawahara +13.6 -14.9 -3.05 

T-T Rudzinski +46.09 -40.6 +0.08 

S-S Rudzinski +91.7 -51.4 +4.35 

T-T Kawahara +28.4 -54.3 -12.3 

 

Figure 1.13 shows comparison between calculated and measured gas phase turbulent 

mixing rate in two phase flow. 

 

Fig. 1.13 Comparison of the predictions of present model against subchannel experiment 

for gas phase turbulent mixing rate in two phase flow. 
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An error analysis performed for gas phase turbulent mixing rate and found maximum 

error, minimum error and mean error for gas phase mixing rate considering all 

subchannels geometry is about +66.2%, -55.7% and -3.29% respectively. The error 

analysis for individual subchannel geometry, which are listed in Table 1.16. 

 

Table 1.16 Error analysis between calculated gas turbulent mixing and measured gas 

turbulent mixing rate in two phase flow. 

Subchannels geometry Max error Min error Average Error % 

1-C gap Kawahara +24.7 -16.7 +14.8 

2-S gap Kawahara -65.8 -30.5 -14.9 

3 gap Kawahara +46.3 -28.2 +4.08 

T-T Rudzinski +66.2 -32.4 +0.015 

S-S Rudzinski +45.8 -30.9 +6.24 

T-T Kawahara -22.7 -55.7 -39.6 

 

(ii) Test against high pressure and temperature steam-water experimental data 

Figure 1.14 shows comparison between calculated and measured turbulent mixing rate in 

two phase flow. 
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Fig. 1.14. Comparison of the predictions of present model against subchannel 

experiments for total turbulent mixing rate in two phase flow. 

An error analysis performed against high pressure and temperature steam-water 

experiment (Rowe and angel (1969)) of 52 bar, 2550C and 28 bar, 2150C with mass flux 

1356.8 and 2712.5 kg/m2-s for total turbulent mixing rate and found that maximum error, 

minimum error and mean error for total mixing rate considering square-square 

subchannel geometry (S=2.1 mm and S=0.5 mm) is about +79.3%, -45.4% and +9.94 %. 

 

1.7 Organization of thesis  

 

The dissertation of research work is organized in the following eight chapters of this 

thesis as follows: 

Chapter 1 contributes introduction to different mixing phenomena in a rod bundle i.e. 

turbulent mixing, void drift and diversion cross flow; motivation and objective of 

research work. A detailed literature survey of each component of inter-subchannel mixing 
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has been presented. In this chapter, assessment of models against existing experimental 

data of BWRs geometry has been done. A new model has been developed from first 

principle for two phases turbulent mixing which correlates all the test data generated so 

far in literature with reasonable accuracy. 

Chapter 2 describes the scaling methodology for experimental facility to simulate AHWR 

rod bundle and experimental flow conditions for turbulent mixing, void drift and 

diversion cross flow. In addition, mixing model for three subchannel system is proposed 

by solving tracer conservation equation to find turbulent mixing rate. 

Chapter 3 gives details of test loop and associated equipment and experimental procedure 

for turbulent mixing, void drift and diversion cross flow in AHWR rod bundle. 

Chapter 4 discusses results for single phase turbulent mixing in AHWR rod bundle. An 

assessment of existing models against our experimental data has been carried out and a 

new model for single phase turbulent mixing applicable to AHWR has been presented.  

Chapter 5 discusses results for two phase turbulent mixing for AHWR rod bundle. In this 

chapter, an assessment of existing models against our experimental data has been carried 

out and new models for two phase turbulent mixing rate for different flow regimes 

applicable to AHWR has been presented. 

Chapter 6 discusses results for void drift in AHWR rod bundle. In addition to this, an 

assessment of existing models against our experimental data has been presented. 

Chapter 7 discusses results for diversion cross flow in AHWR rod bundle. An assessment 

of existing models against our experimental data has been carried out and a new model 

has been developed for diversion cross flow applicable to AHWR. 
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Chapter 8 gives important conclusions from this research and recommendation for future 

work. 

 

1.8 Closure 

 

An assessment of turbulent mixing models against existing experimental data of BWRs 

geometry has been done and found that there are large errors between predicted and 

experimental data. Hence a new model has been developed from first principle for 

turbulent mixing which correlates all the test data generated so far in literature with 

reasonable accuracy. 
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CHAPTER 2 
 

SCALING OF TEST FACILITY TO SIMULATE 

MIXING PHENOMENA IN AHWR ROD BUNDLE 
 

 

 

2.1 Introduction 
 

The operating condition of nuclear reactor rod bundle is at high pressure and high 

temperature. The experiments for inter-subchannel mixing phenomena are very difficult 

and expensive under these operating conditions. In the view of this, the current 

experiments were performed at near atmospheric pressure and room temperature 

conditions with air and water as working fluids. For this, scaling methodology for 

experimental test facility has been presented in this chapter. An experimental flow 

conditions to simulate flow patterns for inter-subchannel mixing phenomena in AHWR 

rod bundle has been discussed. In addition to this mathematical equations for turbulent 

mixing rate are derived using tracer conservation equations.  

 

 

 



 

2.2 Scaling of Test Facility
 

The fuel rods in AHWR rod bundle are arranged in the form of circular rings as shown 

Figure 2.1 (a) and 1/12th symmetric cross section

Figure 2.1 (b).  

 

 

  

 
Fig. 2.1 (a) AHWR fuel rod bundle 
 

To simulate mixing phenomena

subchannel mixing studies have same

AHWR. Three subchannels are considered in 1/12

al. (2006)) of the actual rod bundle

varies from 0 to 4.7 kg/sec depending on operating condition. So if we consider three 

subchannels in 1/12 segment, the mass flow rate can vary in the range 0 to 0.12 kg/sec 

and correspondingly range of mean velocity is around 0 to 1.2 m/s. The void fraction in 

two phase flow is varied from 0 to 0.8 which is same as that of actual bundle

(2012)). The mean superficial liquid velocity is var

Scaling of Test Facility to Simulate Mixing Phenomena 

Scaling of Test Facility 

The fuel rods in AHWR rod bundle are arranged in the form of circular rings as shown 

symmetric cross section of AHWR fuel rod bundle

   

AHWR fuel rod bundle Fig. 2.1 (b) 1/12th segment of AHWR fuel rod bundle   

mixing phenomena, a test facility has been designed. The rods used in the 

ing studies have same size and pitch as that of actual rod bundle of 

Three subchannels are considered in 1/12th symmetric cross section 

rod bundle. The mass flow rate in actual rod bundle of AHWR 

o 4.7 kg/sec depending on operating condition. So if we consider three 

subchannels in 1/12 segment, the mass flow rate can vary in the range 0 to 0.12 kg/sec 

and correspondingly range of mean velocity is around 0 to 1.2 m/s. The void fraction in 

flow is varied from 0 to 0.8 which is same as that of actual bundle

. The mean superficial liquid velocity is varied from 0 to 1 m/s 
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The fuel rods in AHWR rod bundle are arranged in the form of circular rings as shown 

of AHWR fuel rod bundle as shown in 

segment of AHWR fuel rod bundle    

been designed. The rods used in the 

size and pitch as that of actual rod bundle of 

cross section (Dasgupta et 

The mass flow rate in actual rod bundle of AHWR 

o 4.7 kg/sec depending on operating condition. So if we consider three 

subchannels in 1/12 segment, the mass flow rate can vary in the range 0 to 0.12 kg/sec 

and correspondingly range of mean velocity is around 0 to 1.2 m/s. The void fraction in 

flow is varied from 0 to 0.8 which is same as that of actual bundle (Chandraker 

m/s (Chandraker et al. 

Sub 
2 

Sub 
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138 
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(2013)) and mean superficial gas velocity is varied from 0 to 1.3 m/s. Table 2.1 shows 

comparison of the dimensions of rod bundle between model and prototype. 

 

Table 2.1 Scaling of present experiment 

 

Properties  Prototype  Model  

Fluid  Steam-water Air-water 

Fuel rod diameter 11.2 mm 11.2 mm 

Gap  2.3 mm 2.3 mm 

Height  3.5 m 3.5 m 

Subchannel Hydraulic diameter 

(1/12 section) 

5.9 mm 5.9 mm 

Flow Area (1/12 section) 340 mm2 340 mm2 

liquid velocity in single phase 

(V l) 

0 to 1.2 m/s 0 to 1.2 m/s 

Superficial liquid velocity in two 

phase (Jl)  

0 to 1 m/s 0 to 1 m/s 

Superficial gas velocity in two 

phase (Jg) 

- 0 to 1.3 m/s 

Void fraction range  0 to 0.8 0 to 0.8 
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Conducting experiments to generate mixing parameters are very difficult and expensive 

for steam water system at higher elevated pressure and temperature. Therefore most of 

test so far are carried out with air-water system [Walton (1969), Rudzinski (1970), Singh 

K.S. (1972), Kawahara et al. (1997 (b)), Sadatomi et al. (2004) and Kawahara et al. 

(2006), Lahey and Schraub (1969), Lahey et al. (1972), Gonzalez-Santalo et al. (1972), 

Lahey (1986), Sato et al. (1987), Tapucu et al. (1988), Gencay et al. (2001), Sadatomi et 

al. (1994), Sadatomi et al. (2004) McNown (1954), Champman (1963), Dittrich and 

Graves (1956), Dittich (1958), Tappacu (1976), Kawahara (2006) and Iwamura (1986)]; 

which adequately simulate the mixing behavior in steam-water system. The current 

experiments were performed at near atmospheric pressure and room temperature 

conditions with air and water as working fluids.  

However to take care of reactor operation condition, a correction factor (Fp) which is 

function of surface tension of fluid has been proposed in the present thesis, which is  

agreed well with both air-water and steam-water condition. Hence, this correction factor 

can be used to evaluate mixing parameter in reactor operation condition. 

2.3 Experimental flow condition 
 

To simulate the flow patterns in two phase bubbly, slug-churn and annular flow regime, 

superficial liquid and gas velocity are simulated in the experiment.  

The transition criteria for bubbly-slug proposed by Griffth (1964) and slug-annular 

proposed by Wallis (1967) is used to simulate the flow patterns in two phase flow. It may 

be noted that the choice of these two criteria is according to rod bundle experiments by 

Walton (1969), Rudzinski (1970) and Singh K.S. (1972). These two criteria show good 
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agreement with their experiment. Hence these two correlations are used in present 

experiment.    

2.3.1 Bubbly-Slug transition 
 

For this, the model proposed by Griffth (1964) is used, as given by 

 

0.4
1.1g

l

J

J

−
< ,                                                                                                                (2.1) 

 

where gJ  is gas superficial velocity and lJ as liquid superficial velocity. 

2.3.2 Slug- Annular transition  
 

For this, the model proposed by Wallis (1967) is used, as given by  

 

* *0.9 0.6g lJ J= + ; ( )* 1lJ <            (2.2) 

 

1/2

* *7 0.06 l l
g l

g g

J J
ρ ρ
ρ ρ

    
= +            

;  ( )* 1lJ >          (2.3) 

 

where *
gJ  is dimensionless gas superficial velocity and *

lJ  is dimensionless liquid 

superficial velocity 

 

( ) 1/2
* 1/2( / )g g g h l gJ m A gDρ ρ ρ

−−  = −            (2.4) 
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( ) 1/2
* 1/2( / )l l l h l gJ m A gDρ ρ ρ

−−  = −             (2.5) 

 

For a fixed liquid superficial velocity (Jl), the gas superficial velocity (Jg) was varied to 

get void fraction (α) range. The void fraction is calculated by Chislom’s correlation 

(1973). 

 

1

1 1

i
i

i
i

g
i

l

βα ββ
ρβ ρ

= −+
 − − 
 

                                                                              (2.6)                              

where iβ  = gas volumetric fraction is given by g
i

g l

J

J J
β =

+                            
(2.7)  

The correlation is valid for 0 ≤ βi ≤ 0.9 provided that liquid is no more viscous than water 

(Chisholm (1973)). The correlation was compared with air-water flow experiment at 

atmospheric condition and found to be in good agreement with experiment in range ± 

6.02% (Chisholm (1973)). The current experiments are performed at near atmospheric 

conditions with air and water as working fluids. The working range of βi in present 

experiment varies from 0.2 to 0.9 which is well under the limit of correlation.   
                                          

 

2.4 Mixing model to evaluate turbulent mixing rate 
 

Consider the turbulent flow of a fluid in three subchannels arrange in circular pitch (refer 

Figure 2.2). These subchannels are connected by a gap width S and length l through 

which turbulent transfer of liquid takes place. In one subchannel tracer is injected 
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upstream of mixing zone. The amount of liquid transferred from one subchannel to 

another is determined by employing a mass balance using measured tracer concentration 

in each channel. 

 

The following basic assumptions are made in this analysis. 

(1) Subchannel axial pressure gradient are identical, thus eliminating radial pressure 

gradient and any net transfer of fluid from one subchannel to another. 

(2) Tracer concentration is small, hence the tracer has negligible effect on physical 

properties. 

(3) The fluid leaving one subchannel has the average properties (tracer concentration) of 

that channel. 

(4) After fluid has left donor subchannel it mixes immediately in the receiving 

subchannel. 

(5) There is no relative velocity between fluid and tracer. 

(6) The flow should be in hydrodynamic equilibrium. Here in the equilibrium flow, the 

flow rates of both phases in every subchannel do not vary along the channel axis i.e. 

radial pressure difference between the subchannels is zero. 
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Fig 2.2 Mixing flow diagram 

 

Consider a tracer mass balance, the equation are as follows 

( )
'

1 12
1( ) 2( )

1
z z

dC W
C C

dZ m
= − −

&
                       (2.8) 
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Scaling of Test Facility to Simulate Mixing Phenomena in AHWR Rod Bundle. 

69 
 

( )
'

3 32
3( ) 2( )

3
z z

dC W
C C

dZ m
= − −

&
          (2.10) 

 

In turbulent mixing phenomena, there is neither mass transfer nor volume transfer 

between the subchannels. Hence ' '
12 21W W=   and   ' '

32 23W W=
 
 

Simplifying eq. (2.8), (2.9) and (2.10), we get the equation is as follows 

 

3 32 1 1

2 2

m dCdC m dC

dZ m dZ m dZ
  = − −   

   

&&

& &
         (2.11) 

 

The equation (2.11) can be written mathematically as follows
 

 

2( ) 1 1( ) 2 3( )z z zdC a dC a dC= − −           (2.12) 
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1

2

m
a

m
=

&
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2
2

m
a
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&

&
. Since change in concentration C1 and C3 are independent. 

Therefore we can simplify equation (2.12) is as follows. 
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On integrating above equation (2.14), we get equation is as follows 

 

*1
3( ) 1( )

2
z z

a
C C C

a
= +            (2.15) 

 

The initial condition for untraced subchannels as follows 

At Z = 0, 1( 0) 3( 0) 0z zC C= == =               

                                                                               

1
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2
z z

a
C C

a
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or 1
3( ) 1( )

3
z z

m
C C

m
=

&

&
                      (2.17) 

 

For subchannel 1-2:  

 

( )
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For three subchannels case, the equation can be written as follows 

 

2 2( ) 2 2(0) 1 1( ) 3 3( )z z zm C m C m C m C= − −& & & &                     (2.20) 

 

Using eq. (2.17), substitute value of C3(z) in terms of C1(z) in eq. (2.20), we get equation is 

as follows 

  

1 1
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2 2
z z z

m m
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1
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&
                     (2.22) 

 

Substituting eq. (2.22) in eq. (2.18), we get equation is as follows 
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The initial condition for untraced subchannel no. 1 as follows 

At Z = 0, 1( 0) 3( 0) 0z zC C= == =
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On rearranging eq. (2.31), the equation for turbulent mixing rate between subchannel 1-2 

obtained as follows 

 

1( )'
12

0

1 2

21
ln 1

1 2
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W
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Z
m m

 
= − − 

   + 
 & &

                    (2.32) 

 

Similarly for subchannel 3-2: 

The equation for turbulent mixing rate between subchannel 3-2 is as follows 

 

 

                                                                         (2.33) 

 

2.4.1 Selection of tracer 

As per literature review, it is suggested that methane and potassium nitrate are good 

tracers for estimating turbulent mixing rate because of following reasons: 

(1) Measurability: The requirement of experiment is such that tracer concentration is so 

small so that it has negligible effect on physical properties on working fluid. Both can be 

detected at very low ppm about 1 ppm as compared to other tracer.  

(2) Non- reactivity: Both the tracer does not react chemically or physically with each 

other or with any part of system under study. 
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(3) Safety: The presence of tracer does not pose hazard to people, material or activity in 

and out around the test area, which are as follows. 

1. We are using Methane + balance Nitrogen canister 0.05% (by volume). This is well 

below LFL and UFL (a LFL of 5% (by volume) and UFL of 15% (by volume)). It means 

if the atmosphere has less than 5% methane, an explosion cannot occur even if a source 

of ignition is present 

2. According to dental care safe limit of potassium nitrate in tooth paste is 5 % and we 

are using potassium nitrate diluted in water which has 0.01% and it will again reduce to 

0.001 % when it mixes with flowing water and then it goes to drain completely. 

2.5 Closure 

 

In this chapter, scaling methodology for experimental test facility has been presented. An 

experimental flow conditions to simulate flow patterns for turbulent mixing, void drift 

and diversion cross flow in AHWR rod bundle has been presented. In addition to this, 

mathematical equation for turbulent mixing rate is derived using tracer conservation 

equations.  
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CHAPTER 3 
 

EXPERIMENTAL TEST FACILITY AND 

EXPERIMENTAL PROCEDURE 
 

 

 

3.1 Introduction 

 
This chapter provides detailed description of experimental test facility and associated 

equipment used to investigate turbulent mixing, void drift and diversion cross flow in 

simulated subchannels of AHWR rod bundle. It also gives detailed description of 

experimental procedure for each component of inter-subchannel mixing phenomena i.e. 

turbulent mixing, void drift and diversion cross flow that are pertinent to the results 

presented in chapters 4, 5, 6 and 7.  

 

3.2 Experimental Test Facility 
 

The air-water loop and associated equipment used in this study were located in the 

Reactor Engineering Division, Bhabha Atomic Research Centre, Mumbai, India. The 

loop was designed and built for inter-subchannel mixing experiments employing air-

water flows. The facility has already been installed in order to determine turbulent mixing 

rate, void drift and diversion cross flow in a simulated subchannels of AHWR fuel bundle 
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(1/12th segment) which contain two half and three full rod. This segment is divided three 

subchannels as shown in Figure 3.1.  

 

 
 

Fig 3.1 AHWR fuel rod bundle (1/12th segment) 
 

 

The facility consists of a test section along with air-water mixer and separator, which is 

shown Figure 3.2. There are six rotameters, used to measure air flow rate, six rotameters 

are used to measure water flow rate and two rotameters are used to measure tracer flow 

rate. There are four Differential pressure transducers (DPT), used to measure radial 

pressure difference between subchannels. 
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Fig. 3.2 Test rig schematic 

 

Air from air service line splits into three separate streams and metered separately using 

matched rotameters. Similarly water from water service line also splits into three separate 

streams and metered separately using matched rotameters. The air-water mixture flows 

from mixer, in which measured air passes through holes of tube and mixes with metered 

water to develop two phase flow. This mixture, then passes through the test section and 

finally to the separator where air and water, gets separated due to density difference. The 

air moving upward vents to atmosphere and water flows down to drain through respective 

rotameters.  
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3.2.1 Test section 
 
The test section is shown in Fig 3.3.   

 

Fig 3.3 Schematic of test section 
 

The vertical test channel of 3.5 m long is divided into three sections; entry section (1.5 

m), mixing section (1.5 m) and discharge section (0.5 m) from bottom to the top of 

channel. In entry section and exit section, subchannels are completely separated by a 4 

mm partition and in mixing section; subchannels are completely free from partition to 

allow mixing between subchannels. This test section is made of SS316 material, 65 mm 
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OD size. The length of entry, mixing and exit section is chosen according to literature 

(Walton (1969), Rudzinski (1970), Singh K.S. (1972), Kawahara et al. (1997 (b)), 

Sadatomi et al. (2004), Kawahara et al. (2006)) such that entry length should be enough 

for flow to be developed along the axis; mixing length should be enough to accommodate 

mixng between subchannels and exit section should be enough for separation of flow. 

The fully developed flow in each subchannel is achieved by keeping the entry length 

more than 127 times hydraulic diameter (Walton (1969)). According to Peternuik (1968), 

the mixing length should be more than 13 times hydraulic diameter to avoid any entrance 

effect. The entry and mixing length used here is more than 330 times hydraulic diameter. 

These lengths are considered to be sufficient in respect of fully developed flow and 

entrance effect 

 

3.2.2 Mixer 
 
The air-water mixture is shown in Figure 3.4.   
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Fig 3.4 Schematic of mixer. 
 

 

The air-water mixer consists of 1/2” pipe of 250 mm length and 3/8” tube of 120 mm 

length having holes of diameter 3 mm. The measured air passes through 3mm holes in 

3/8” tube, mixes with metered water which flows through 1/2” pipe to develop the two 

phase flow. 

 

3.2.3 Separator 
 
The air-water separator is shown in Figure. 3.5 
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Fig 3.5 Schematic of separator 
 

The air-water separator consists of 8” GI pipe of 1000 mm length and having 3/8” tube. 

The air-water mixture flows tangentially through 3/8” tube from the outlet of subchannel 

to the separator where air and water get separated due to density difference. The air 

moves upward and vents to atmosphere and water flows down to drain by gravity and 

measured through respective rotameters.   
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3.2.4 Tubes and fitting. 
 
The test facility consists of tubes of size 3/8” OD and is made of SS-316. Fittings like 

union, Tee and NPT compression type fitting are used for piping connections, designed 

for pressure of 200 bar and temperature of 100 deg C. 

 

3.2.5 Needle valve 
 
Needle valves used in facility are of size 3/8” tube end connection. The body material of 

needle valve is SS316 with nut and ferrule, designed for pressure of 40 bar and 

temperature of 100 deg C. 

 

3.2.6 Rotameter  
 
 The flow rate of water is measured by rotameter in the range 0 to 20 lpm. This can 

withstand pressure of 15 bar. The flow rate of air is measured by rotameter having range 

0 to 10 lpm. This can withstand pressure of 10 bar. The flow rate of methane gas tracer is 

measured by rotameter having range 0 to 0.1 lpm. This can withstand pressure of 10 bar. 

The flow rate of potassium nitrate is measured by rotameter having range of 0 to 0.6 lpm. 

This can withstand pressure of 15 bar.  

   

3.3 Measurement of experimental variable 
 

(i) Air flow 

The inlet air flow is measured using rotameter installed after PRV at the inlet air line 

before air-water mixer. The air flow is measured in three lines. The flow range is 0-10 

lpm and the outlet air flow is measured using rotameter installed at the outlet air line after 
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air-water separator. The air flow is measured in three lines. The flow range is 0-10 lpm. 

The accuracy of air rotameter is ± 1% over the full span of 10 lpm.  

 

(ii) Water flow 

The inlet water flow is measured using rotameter installed at the inlet water line before 

air-water mixer. The inlet water flow is measured in three lines. The flow range is 0-20 

lpm and the outlet water flow is measured using rotameter installed at the outlet water 

line after air-water separator. The water flow is measured in three lines. The flow range is 

0-20 lpm. The accuracy of water rotameter is ± 2% over the full span of 20 lpm 

 

(iii) Tracer flow 

The methane tracer is added to individual subchannel by mixing with air lines through the 

tracer line addition system. The inlet methane flow rate is measured with rotameter. The 

flow range of rotameter is 0-1 lpm. The accuracy of methane gas tracer rotameter is ± 1% 

over the full span of 1 lpm 

The potassium nitrate tracer is added to individual subchannel by mixing with water lines 

through the tracer line addition system. The potassium nitrate flow rate is measured with 

rotameter. The flow range of rotameter is 0-0.6 lpm. The accuracy of potassium nitrate 

tracer rotameter is ± 2% over the full span of 0.6 lpm  

 

(iv) Radial pressure measurement 

Four differential pressure transmitters (DPT 1 to DPT 4) are provided to measure radial 

pressure difference between the subchannels shown in Figure 3.6. 
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Fig 3.6 Radial pressure difference measurement of subchannels  
 

The radial pressure drop between subchannels is measured with the help of smart 

differential pressure transmitters. The range of measurement is -300 to 300 mm WC. All 

these transmitters output (4-20 mA) are connected to recorder. The process variable data 

are displayed on the monitor as well as stored in the hard disc of recorder for further 

analysis and hard copy generation. The radial pressure drop has to be maintained at 0 mm 

by adjusting inlet air and water flows to obtain proper turbulent mixing during 

experimentation. 
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(v) Tracer concentration measurement 

To study the mixing behavior, tracers like potassium nitrate and methane are added with 

water and air respectively. The concentration of methane tracer for air of 515 ppm and 

balance is nitrogen and dil. potassium nitrate tracer for water which has concentration of 

100 ppm and rest is water.  

It may be noted that the percentage of nitrogen in air 78 %. We are using Methane + 

balance Nitrogen canister 0.05% (by volume) which is just like air. Hence there is no 

relative velocity between tracer and air. Similarly, we are using potassium nitrate diluted 

in water which has 0.01% (by mass) which is just like water. Hence there is no relative 

velocity between tracer and water 

The samples of tracers are collected from different sample collection points. The tracer 

concentration of potassium nitrate and methane is measured by offline lab analysis using 

spectrophotometer and gas chromatograph respectively. The spectrophotometer and gas 

chromatograph are calibrated to1%± . The inlet flow rates of tracers are measured with 

rotameters. 

3.4 Experimental procedure for inter-subchannel mixing phenomena. 
 
(i) Single phase turbulent mixing 

Single phase water was introduced into all three subchannels. Potassium nitrate tracer is 

added to subchannel 2 by tracer line injection system. The tracer is mixed with water 

before entering to the inlet of subchannel. The radial pressure difference across these 

three subchannels is minimized by controlling the opening of respective valve in 

discharge line. At outlet of the discharge section, samples from respective subchannel 

lines were extracted. The concentration of tracer in each subchannel was obtained by 
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analysis through an absorption spectrophotometer. For each test, the experiments were 

repeated three times and error found among them was within ± 2 %. The turbulent mixing 

rate was determined by solving tracer conservation equation. The detailed mathematical 

steps involved in the process are shown chapter 2. The experimental test matrix for single 

phase turbulent mixing is given in Table 3.1. 

 

Table 3.1 Experimental test matrix for single phase turbulent mixing 

 

S. No Velocity in subchannel  3 

m/s 

Velocity in subchannel  2 

m/s 

Velocity in subchannel  1 

m/s 

1 0.39 0.33 0.44 

2 0.49 0.42 0.57 

3 0.58 0.47 0.62 

4 0.60 0.50 0.65 

5 0.63 0.53 0.70 

6 0.68 0.56 0.75 

7 0.76 0.65 0.84 

8 0.8 0.67 0.88 

9 0.95 0.78 1.02 

10 1.05 0.88 1.20 

11 1.16 0.96 1.33 

12 1.33 1.10 1.47 
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(ii) Two phase turbulent mixing 

Two phase air-water mixture was introduced into all three subchannels. A tracer is added 

to subchannel 2 by tracer line injection system. Potassium nitrate used as a tracer for 

water and methane gas is used as a tracer for air. The tracer is mixed with fluid before 

entering to the inlet of subchannel. The radial pressure difference across these three 

subchannels is minimized by controlling the opening of respective valve in air discharge 

line which is connected with three separators.  At outlet of the separator, samples from 

respective subchannel lines were extracted. The concentration of tracer in each 

subchannel was obtained by analysis through an absorption spectrophotometer. For each 

test, the experiments were repeated three times and error found among them was within ± 

3 %. The turbulent mixing rate was determined by solving tracer conservation equation 

shown in chapter 2.  

The experimental test matrix for two phase turbulent mixing is given in Table 3.2 

Table 3.2 Experimental test matrix for two phase turbulent mixing. 
 
 
S. 

no 

Superficial  

Liquid 

velocity 

Jl in sub 3 

Superficial  

gas 

velocity 

Jg in sub 3 

Superficial  

Liquid 

velocity 

Jl in sub 2  

Superficial  

gas 

velocity 

Jg in sub 2 

Superficial  

Liquid 

velocity 

Jl in sub 1 

Superficial  

gas 

velocity 

Jg in sub 1 

1 0.13 0.63 to 1.06 0.10 0.73  to 1.38 0.14 0.66 to 1.14 

2 0.19 0.63 to 1.16 0.15 0.73  to 1.22 0.20 0.66 to 1.26 

3 0.27 0.01 to 0.64 0.21 0.01  to 0.69 0.28 0.01 to 0.64 

4 0.32 0.01 to 0.64 0.25 0.01  to 0.69 0.33 0.01 to 0.64 
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5 0.34 0.01 to 0.64 0.28 0.01 to 0.69 0.36 0.01 to 0.64 

6 0.41 0.01 to 0.44 0.32 0.01  to 0.49 0.43 0.01 to 0.44 

7 0.47 0.01 to 0.20 0.37 0.01 to 0.23 0.49 0.01 to 0.20 

 
 

(iii) Void drift 

 

The necessary condition for void drift to occur is that, at both the inlet and the outlet ends 

of the mixing section, the time-averaged radial pressures difference between subchannels 

has to be zero i.e. ∆P1-2= ∆P3-2= 0. The measured inlet water and air flow rate from 

respective subchannel line passes through mixer to form two phase flow. This two phase 

air-water mixture was introduced into all three subchannels such that difference in radial 

pressure between the subchannels is minimum. This was achieved by throttling the air 

discharge line valve after the air-water separator. Under this condition, flow rate of each 

phase at outlet of the separators were again measured through respective subchannel lines 

rotameters. The experiments were repeated three times and error found was within ± 1 %. 

This difference in flow rate at inlet (non-equilibrium flow) and outlet (equilibrium flow) 

of individual subchannel of test section gives net change in flow rate due to void drift. 

The experimental test matrix for void drift is given in Table 3.3 
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Table 3.3 Experimental test matrix for void drift 
 
 
S. 

no 

Superficial  

Liquid 

velocity 

Jl in sub 3 

Superficial  

gas 

velocity 

Jg in sub 3 

Superficial  

Liquid 

velocity 

Jl in sub 2  

Superficial  

gas 

velocity 

Jg in sub 2 

Superficial  

Liquid 

velocity 

Jl in sub 1 

Superficial  

gas 

velocity 

Jg in sub 1 

1 0.12 0.73  to 1.32 0.11 0.58  to 1.02 0.13 0.77 to 1.38 

2 0.19 0.73  to 1.32 0.16 0.58  to 1.02 0.19 0.77 to 1.38 

3 0.26 0.07 to 0.71 0.22 0.06  to 0.56 0.26 0.08 to 0.75 

4 0.34 0.07 to 0.71 0.29 0.06  to 0.56 0.35 0.08 to 0.75 

5 0.40 0.23 to 0.71 0.34 0.18  to 0.56 0.42 0.25 to 0.75 

6 0.46 0.08 to 0.14 0.38 0.06 to 0.11 0.48 0.08 to 0.15 

 
 

(iv) Single phase diversion cross flow 

The necessary condition for diversion cross flow to occur is that, at the inlet of the 

mixing section, the time-averaged radial pressures difference between the subchannels is 

not zero i.e. ∆P1-2= ∆P3-2≠ 0. The measured inlet water flow rate was introduced into all 

three subchannels such that difference in radial pressure between the subchannels should 

exist. Under this condition, flow rate of each phase at outlet of the separators were again 

measured through respective subchannel lines rotameters. The experiments were repeated 

three times and error found was within ± 1 %. This difference in flow rate at inlet and 

outlet of individual subchannel of test section will give net change in flow rate due to 
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diversion cross flow. The experimental test matrix for single phase diversion cross flow is 

given in Table 3.4. 

 

Table 3.4 Experimental test matrix for single phase diversion cross flow 

 

S. no Velocity in subchannel 3 

m/s 

Velocity in subchannel 2 

m/s 

Velocity in subchannel 1 

m/s 

1 
0.08 0.18 0.09 

2 
0.11 0.26 0.12 

3 
0.16 0.36 0.17 

4 
0.2 0.47 0.22 

5 
0.28 0.64 0.3 

6 
0.38 0.87 0.42 

7 0.47 
 

1.1 
 

0.52 
 

 

(v) Two phase diversion cross flow 

The measured inlet water and air flow rate from respective subchannel line passes 

through mixer to form two phase flow. This two phase air-water mixture was introduced 

into all three subchannels such that difference in radial pressure between subchannel 

should exist. Under this condition, flow rate of each phase at outlet of the separators were 

again measured through respective subchannel lines rotameters. The experiments 

repeated three times and error found was within ± 1 %. This difference in flow rate at 

inlet and outlet of individual subchannel of test section gives net change in flow rate due 
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to diversion cross flow. The experimental test matrix for two phase diversion cross flow 

is given in Table 3.5 

 
 
Table 3.5 Experimental test matrix for two phase diversion cross flow 
 

S. no Superficial  

Liquid 

velocity 

Jl in sub 3 

Superficial  

gas 

velocity 

Jg in sub 3 

Superficial  

Liquid 

velocity 

Jl in sub 2  

Superficial  

gas 

velocity 

Jg in sub 2 

Superficial  

Liquid 

velocity 

Jl in sub 1 

Superficial  

gas 

velocity 

Jg in sub 1 

1 0.08 0.44 to 0.78 0.17 1.00 to 1.8 0.09 0.48 to 0.86 

2 0.11 0.44 to 0.78 0.26 1.00 to 1.8 0.12 0.48 to 0.86 

3 0.16 0.04 to 0.40 0.36 0.10 to 0.97 0.17 0.05 to 0.48 

4 0.20 0.04 to 0.40 0.47 0.10  to 0.97 0.22 0.05 to 0.48 

5 0.27 0.04 to 0.40 0.64 0.10  to 0.97 0.30 0.05 to 0.48 

 

3.5 Closure 

 

This chapter gives detailed description of test loop and associated equipment like test 

section, air-water mixer and air-water separator. A detailed experimental procedure has 

been given for turbulent mixing, void drift and diversion cross flow in AHWR rod 

bundle. The parameter variations for inter-subchannel mixing phenomena are based on 

experimental flow condition and are according to existing literature as discussed in 

chapter 1. 

 

comp
Line
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CHAPTER 4 
 

 

STUDY OF SINGLE PHASE TURBULENT MIXING RATE 

IN AHWR ROD BUNDLE 
 

 

 

4.1 Introduction 
 
 
In this chapter, results of single phase turbulent mixing rate for AHWR rod bundle are 

discussed. For determination of turbulent mixing rate in single phase flow condition, 

water was introduced into all three subchannels. A potassium nitrate tracer is added to 

subchannel 2 (refer fig 2.1) by tracer line injection system. The tracer is mixed with water 

before entering to the inlet of subchannel. The radial pressure difference across these 

three subchannels is minimized by controlling the opening of respective valve in 

discharge line. At outlet of the discharge section, samples from respective subchannel 

lines were extracted. The concentration of tracer in each subchannel was obtained by 

analysis through an absorption spectrophotometer. The single phase turbulent mixing rate 

was calculated by substituting tracer concentration at inlet and outlet of subchannels in 

equation derived mathematically in section 2.3 which are as follows.  
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           (4.1) 

 

 

                                                                           (4.2) 

 

In addition to above, an assessment of existing models against measured turbulent mixing 

rate has been carried out and a new model for single phase turbulent mixing rate 

applicable to AHWR has been presented  

4.2 Experiments conducted 
 

Experiments were carried out to determine single phase turbulent mixing rate among the 

subchannels of AHWR rod bundle. The single phase turbulent mixing rate is measured 

for different liquid flow rate ranging from 0 to 0.12 kg/s corresponding mean liquid 

velocity 0 to 1.2 m/s. These velocities are same as that in actual reactor. The liquid flow 

rate of each subchannels was measured by respective rotameter. Table 4.1 shows the 

experimental test matrix for single phase turbulent mixing rate  

Table 4.1 Experimental test matrix for single phase turbulent mixing 

S. No Velocity in subchannel  3 
m/s 

Velocity in subchannel  2 
m/s 

Velocity in subchannel  1 
m/s 

1 0.39 0.33 0.44 
2 0.49 0.42 0.57 
3 0.58 0.47 0.62 
4 0.60 0.50 0.65 
5 0.63 0.53 0.70 
6 0.68 0.56 0.75 

3( )'
32

0
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21
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zC

W
C

Z
m m
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7 0.76 0.65 0.84 
8 0.8 0.67 0.88 
9 0.95 0.78 1.02 
10 1.05 0.88 1.20 
11 1.16 0.96 1.33 
12 1.33 1.10 1.47 

 

A potassium nitrate tracer having concentration of 100 ppm is added to water flowing in 

subchannel 2. After mixing of tracer with water, the samples of respective subchannels 

were extracted at inlet and outlet of the test section. The concentration of tracer in each 

subchannel at inlet and outlet of test section was obtained by analysis through an 

absorption spectrophotometer. For each test, the experiments were repeated three times 

and error found among them was within ± 2 %. 

The single phase turbulent mixing rate for subchannel 1-2 (i.e. W’12) and subchannel 3-2 

(i.e. W’32) was calculated by using equations (4.1) and (4.2) respectively with the mass 

flow rate of respective subchannels, mixing length (i.e. Z = 1.5 m) and tracer 

concentrations at inlet and outlet of subchannels.  

The Reynolds number for each subchannel was calculated by substituting liquid velocity 

of respective subchannels (refer Table 4.1.) in equation as follows 

  
Re hV Dρ

µ
× ×=

                                                                                                       
(4.3) 

4.3 Results and discussion  
 
The single phase turbulent mixing rate for subchannel 1-2 (i.e. W’12) and subchannel 3-2 

(i.e. W’32) is measured by varying mean liquid velocity 0 to 1.2 m/s. The corresponding 

average Reynolds number was varied from 0 to 6425. 



Study of Single Phase Turbulent Mixing Rate in AHWR Rod Bundle 

95 
 

It may be noted that during cold start-up condition, the flow remains in single phase 

condition at 70 bar and 285 oC, then transition takes place from single phase to two phase 

flow condition in reactor rod bundle with increase in power. In cold start-up condition, 

the mass flow rate in the rod bundle is close to 1 kg/s at 2 % of full power. So if we 

consider three subchannels in 1/12 segment, correspondingly range of average Reynolds 

number in the subchannels of reactor rod bundle varies 0 to 6500. In the present 

experiment, Reynolds number in single phase flow varies 0 to 6424. The flow conditions 

were closer to the actual reactor condition during start-up condition. In addition, AHWR 

being a natural circulation BWR, the mass flux condition in the subchannels can vary 

from close to zero to rated condition depending on the power. Hence flow starts laminar 

to transition and transition to turbulent flow.  

It is well known that the laminar flow occurs in circular pipe when Re < 2100 and 

turbulent flow occurs when Re > 4000. In between this range transition region occurs. 

However it is not true for rod bundle case where pitch to diameter ratio is different from 

circular pipe (p/d=1). According to Kawahara (2006), Reynolds number at which the 

laminar-to-transition and the transition-to-turbulent occur very early in case of rod 

bundle. Corresponding to AHWR rod bundle (p/d=1.2), the onset of laminar-transition 

occurs at Re=300 and onset of turbulent-transition occurs at Re=1250 

The average Reynolds number for subchannel 1-2 and subchannel 3-2 is calculated by 

equations as follows 

                                                                                                                               (4.4 (a)) 

 

                                                                                                                               (4.4 (b)) 

1 2
,12

Re Re
Re

2avg

+=

3 2
,32

Re Re
Re
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Figure 4.1 shows variation of measured mixing rate with average Reynolds number for 

subchannel 1-2 and subchannel 3-2 is given by equation (1.8). 

 

Fig. 4.1 Comparison of W’/µ against Reavg. 

The main findings are as follows 

1. The turbulent mixing rate increases with increase in average Reynolds number.  

2. It also indicates that the turbulent mixing rate between subchannel 1-2 i.e. W’12 is 

higher as compared to subchannel 3-2 i.e. W’32 because subchannel 1-2 has higher gap to 

centroidal ratio (S/δ=0.43) as compared to subchannel 3-2 (S/δ=0.26). 

 

4.4 Assessment of existing model to simulate single phase turbulent mixing rate 

An attempt has been made to study the capability of existing models like Roger and Tahir  

(1975), Peternuik (1968), Galibert and  Knudsen (1971), Kelly and Todreas (1977), Rowe 

and Angel (1969), Rehme (1992) and Seale (1979) to predict the measured single phase 

turbulent mixing rate. These models have been proposed to predict single phase turbulent 

mixing rate.  
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In this section, we evaluate the turbulent mixing models against the data obtained from 

present experiments of single phase turbulent mixing as discussed above. 

For evaluation, we have compared the measured (experimental) liquid phase turbulent 

mixing rate in single phase phase flow W’exp with predicted turbulent mixing rate in 

single phase flow W’cal. The error analysis has been done to find out maximum, minimum 

and average error between measured and predicted value of single phase turbulent mixing 

rate. The error analysis shows how predicted value by turbulent mixing models differs 

from measured experimental values. 

 
The maximum and minimum error is calculated as: 
 
 

Maximum Error (+ve deviation),

' '
exp

max '
exp

max 100calW W
E

W

 −
= ×  

 
  (4.5) 

 
 

Minimum Error (–ve deviation), 

' '
exp

min '
exp

min 100calW W
E

W

 −
= ×  

 
  (4.6) 

 
 

The average error is calculated as 

 

        (4.7) 

 
 
where n= no. of data points and 
 
 

' '
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'
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The error analysis for existing correlations against present experimental data is shown in 

Table 4.2. 

Table 4.2 Error analysis for various correlations for single phase mixing rate 

 W’12/µ W’32/µ 

Authors Max 

Error 

Min 

Error 

Average 

error 

Max 

Error 

Min 

Error 

Average 

error 

Roger and Tahir 1 (1975) -65 -83 -77 -24 -64 -59 

Roger and Tahir 2 (1975) -80 -91 -87 -51 -71 -66 

Peternuik (1968) -64 -82 -75 -19 -59 -43 

Galibert and  Knudsen 1 (1971) -86 -95 -92 -69 -89 -81 

Galibert and  Knudsen 2 (1971) -81 -92 -88 -56 -83 -73 

Galibert and  Knudsen 3(1971) -74 -90 -84 -41 -77 -63 

Galibert and  Knudsen 4 (1971) -62 -84 -76 -15 -63 -44 

Kelly and Todreas (1977) -78 -90 -85 -51 -77 -67 

Rowe and Angel 1(1969) +315 +95 +177 +528 +195 +327 

Rowe and Angel 2 (1969) +38 -34 -7 +109 -1.5 +42 

Castellana (1974) +78 -16 19 +169 +26 +83 

Rehme (1992) -59 -80 -72 -24 -64 -48 

Seale 1 (1979) +95 -7 +30 +196 +39 +101 

Seale 2 (1979) +10 -47 -25 +67 -21 +14 

Seale 3 (1979) -39 -71 -59 -7 -56 -37 
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Figures 4.2 (a) and 4.2 (b) shows comparison of existing models with present 

experimental data of single phase turbulent mixing rate.  

 

(a) 

 

(b) 

Fig. 4.2 Comparison of existing models against present experimental data 
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Results show that none of these correlations are able to predict measured turbulent 

mixing rate in AHWR accurately. Only Castellana (1974) and Seale (1979) correlations 

were found to predict W’12/µ up to Re=4200 with reasonable accuracy. Similarly Rowe 

and Angel (1969) were found predict W’32/µ up to Re=4500 and Castellana (1974) 

correlation predicts W’32/µ up to Re>4500 with reasonable accuracy. Hence these 

correlations are not reliable considering AHWR geometrical array. 

 

4.5 Model development 
 

In order to develop a new model applicable for AHWR geometry, the model presented 

earlier in equation (1.8) was used as follows 

 

                                             

               (4.9) 

 

where  

 

   and           (4.10) 

 

Thus liquid turbulent mixing number for single phase flow in subchannels can be 

expressed as 

 

             (4.11)  
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The coefficient K and exponent a were obtained by fitting the  experimental test data 

plotted on dimensionless liquid mixing number against mixture Reynolds number as 

shown in Figure 4.3. 

 

 

 

Fig 4.3. ln (Nmix) vs ln (Reavg) 

 

The equations so obtained for subchannel 1-2 and subchannel 3-2 respectively are as 

follows 

 

    and                     (4.12)  

 

1.185
,12 0.000694Remix avgN = 1.185

,32 0.000385Remix avgN =
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The final coefficient and exponent were obtained by fitting the experimental test data 

plotted on dimensionless liquid mixing number against combined Reynolds number and 

gap to centroidal ratio as shown in Figure 4.4.  

 

 

Fig. 4.4. ln (Nmix) vs ln (Reavg× (S/δ)) 

 

The final equation so obtained considering geometrical parameter is as follows 

 

                                                                    (4.13) 

 

The present model applicable to AHWR rod bundle having pitch to diameter ratio is 1.2. 

The model is valid for Reynolds number varies from 0 to 6424. 

1.23
1.2230.001446Remix avg

S
N

δ
 =  
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Figure 4.5 shows the comparison between calculated and measured turbulent mixing 

number.  

 

Fig. 4.5 Comparison of the predictions of model against experiment for liquid phase 

turbulent mixing rate.   

The model can predict measured turbulent mixing number within ±7% 

 

4.6 Closure  

The single phase turbulent mixing rate among the subchannels of AHWR rod bundle is 

measured for different liquid flow rate and found that it increases with increase in 

average Reynolds number. An assessment of existing models against our experimental 

data has been carried out and found that none of these models predict measured turbulent 

mixing rate for AHWR rod bundle. Hence a new model applicable to AHWR has been 

presented which predicts turbulent mixing rate quite accurately.  
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CHAPTER 5 

 

STUDY OF TWO PHASE TURBULENT MIXING RATE 

IN AHWR ROD BUNDLE 
 
 

 

 

5.1 Introduction  
 

In this chapter, results of two phase turbulent mixing rate for AHWR rod bundle are 

discussed. For determination of mixing rate in two phase flow condition, air-water 

mixture was introduced into all three subchannels. A tracer is added to subchannel 2 

(refer fig 2.1) by tracer line injection system. Potassium nitrate used as a tracer for water 

and methane gas is used as a tracer for air. The tracer is mixed with fluid before entering 

to the inlet of subchannel. The radial pressure difference across these three subchannels is 

minimized by controlling the opening of respective valve in air discharge line which is 

connected with three separators.  At outlet of the separator, samples from respective 

subchannel lines were extracted. The concentration of tracer i.e. potassium nitrate and 

methane in each subchannel was obtained by analysis through an absorption 

spectrophotometer and gas chromatograph respectively. 
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The liquid and gas phase turbulent mixing rate was calculated by substituting tracer 

concentration at inlet and outlet of subchannels in equation derived mathematically in 

section 2.3 which are as follows 
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                                                                           (5.2) 

 

The turbulent mixing rate was determined for each phase i.e. liquid and gas in two phase 

flow by varying void fraction under various ranges of superficial liquid velocity. The 

void fraction in two phase flow condition is calculated by Chislom’s correlation (1973) as 

given by 
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Where iβ  = gas volumetric fraction is given by g
i
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J

J J
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+                                       
(5.4) 

Jl is superficial liquid velocity and Jg is superficial gas velocity in two phase flow.  

The correlation is valid for 0 ≤ βi ≤ 0.9 provided that liquid is no more viscous than water 

(Chisholm (1973)). The correlation was compared with air-water flow experiment at 

atmospheric condition and found to be in good agreement with experiment in range ± 
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6.02% (Chisholm (1973)). The current experiments are performed at near atmospheric 

conditions with air and water as working fluids. The working range of βi in present 

experiment varies from 0.2 to 0.9 which is well under the limit of correlation.  

In addition to above, an assessment of existing models against measured turbulent mixing 

rate has been carried out and a new model for liquid and gas phase turbulent mixing rate 

in two phase flow applicable to AHWR has been presented 

5.2 Experiments conducted 
 

Experiments were carried out to determine two phase turbulent mixing rate among the 

subchannels of AHWR rod bundle. The turbulent mixing rate in two phase flow is sum of 

liquid and gas phase turbulent mixing rate in two phase flow. The two phase turbulent 

mixing rate among the subchannels of AHWR rod bundle was measured under varying 

void fraction ranging from 0 to 0.8 which is same as that in prototype. The mean 

superficial liquid velocity varies from 0 to 0.42 m/s and mean superficial gas velocity 

varies from 0 to 1.3 m/s. The liquid and gas flow rate of each subchannels was measured 

by respective liquid and gas rotameter. 

 

The experimental test matrix for two phase turbulent mixing is given in Table 5.1 
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Table 5.1 Experimental test matrix for two phase turbulent mixing. 
 
 
S. 

no 

Superficial  

Liquid 

velocity 

Jl in sub 3 

Superficial  

gas 

velocity 

Jg in sub 3 

Superficial  

Liquid 

velocity 

Jl in sub 2  

Superficial  

gas 

velocity 

Jg in sub 2 

Superficial  

Liquid 

velocity 

Jl in sub 1 

Superficial  

gas 

velocity 

Jg in sub 1 

1 0.13 0.63 to 1.06 0.10 0.73  to 1.38 0.14 0.66 to 1.14 

2 0.19 0.63 to 1.16 0.15 0.73  to 1.22 0.20 0.66 to 1.26 

3 0.27 0.01 to 0.64 0.21 0.01  to 0.69 0.28 0.01 to 0.64 

4 0.32 0.01 to 0.64 0.25 0.01  to 0.69 0.33 0.01 to 0.64 

5 0.34 0.01 to 0.64 0.28 0.01 to 0.69 0.36 0.01 to 0.64 

6 0.41 0.01 to 0.44 0.32 0.01  to 0.49 0.43 0.01 to 0.44 

7 0.47 0.01 to 0.20 0.37 0.01 to 0.23 0.49 0.01 to 0.20 

 

A potassium nitrate tracer having concentration of 100 ppm is added to water and 

methane tracer having concentration of 515 ppm is added to air flowing in subchannel 2. 

After mixing of potassium nitrate tracer with water and methane tracer with air, the 

samples of respective subchannels were extracted at inlet and outlet of the test section. 

The concentration of tracer in each subchannel at inlet and outlet of test section was 

obtained by analysis through an absorption spectrophotometer and gas chromatograph. 

For each test, the experiments were repeated three times and error found among them was 

within ± 3 %.  

The liquid and gas phase turbulent mixing rate in two phase flow for subchannel 1-2 (i.e. 

W’12) and subchannel 3-2 (i.e. W’32) is calculated by using equations (5.1) and (5.2) with 
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the mass flow rate of respective subchannels, mixing length (i.e. Z = 1.5 m) and tracer 

concentrations at inlet and outlet of subchannels.  

The void fraction for each subchannel is calculated by substituting superficial liquid 

velocity and superficial gas velocity of respective subchannels (refer Table 5.1.) given in 

equation (5.3). 

5.3 Results and discussion 
 

The liquid and gas phase turbulent mixing rate in subchannel 1-2 and subchannel 3-2 is 

measured for average void fraction ranging from 0 to 0.8 by varying superficial liquid 

velocity from 0 to 0.42 m/s. 

The average void fraction for subchannel 1-2 and subchannel 3-2 was calculated by 

substituting void fraction from equation (5.3) into equation as follows 

 

2
21

12,

ααα +=avg and 
2

23
32,

ααα +=avg                                                                          (5.5) 

 

Figure 5.1 shows variation of mixing rate against average void fraction between the 

subchannel 3and subchannel 2 of AHWR rod bundle 
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(a) Liquid phase         

                                          

(b) Gas phase 

    Fig. 5.1. Turbulent mixing rate vs average void fraction between subchannel 3-2 
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The main findings of these experiments are as follows 

1. The liquid phase turbulent mixing rate is more or less constant up to average void 

fraction of 0.3 which is in bubbly flow regime, and then increases and reaches to a 

maximum at void fraction equal to 0.55 afterwards it decreases till it reaches void 

fraction equal to 0.8 which is in slug-churn flow regime. The criteria used to defined for 

bubbly and slug churn flow regime is discussed earlier in section 2.3 

2. The gas phase turbulent mixing rate increases with increase in average void fraction 

and reaches maximum at void fraction equal to 0.65. Afterwards, it decreases till it 

reaches void fraction equal to 0.8. However the gas phase turbulent mixing is difficult to 

measure in bubbly flow due to low air flow (void fraction equal to 0.3) 

3. The results indicate that turbulent mixing rate increases with increase in superficial 

liquid velocity.  

4. These trends are agreement with the findings of Walton (1969), Rudzinski (1970), 

Singh K.S. (1972), Kawahara et al. (1997 (b)), Sadatomi et al. (2004) and Kawahara et al. 

(2006). 

5. The magnitude of turbulent mixing rate between the subchannels of AHWR rod bundle 

(varies in range of 10-2 to 10-1) is relatively larger as compared to subchannels of 

conventional BWRs (varies in range of 10-3 to 10-2) for the same liquid superficial 

velocity (Walton (1969), Rudzinski (1970), Singh K.S. (1972), Kawahara et al. (1997 

(b)), Sadatomi et al. (2004) and Kawahara et al. (2006)). 

 

Figure 5.2 shows variation of mixing rate against average void fraction between the 

subchannel 1 and subchannel 2 of AHWR rod bundle 
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(a) Liquid phase 

 

                                                 (b) Gas phase  

Fig. 5.2 Turbulent mixing rate vs average void fraction between subchannel 1-2. 
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Figure 5.2 indicates that the turbulent mixing rate in two phase flow between subchannel 

1-2 i.e. W’12 is nearly same as subchannel 3-2 i.e. W’32, while in case of single phase 

turbulent mixing rate between subchannel 1-2 i.e. W’12 found to be higher as compared to 

subchannel 3-2 i.e. W’32 (seen earlier in chapter 4). The reason behind this is that the two 

phase fluctuation is more as compared to single phase flow due to bubble induced 

turbulence which homogenizes mixing in subchannels 3-2 and subchannels 1-2 of rod 

bundle. 

The liquid and gas phase turbulent mixing rate in subchannel 1-2 and subchannel 3-2 is 

measured for void fraction ranging from 0 to 0.8 by varying superficial liquid velocity. It 

was difficult to measure turbulent mixing rate accurately beyond void fraction of α=0.55 

at superficial liquid velocity equal to 0.2. This is because above this limit, the two phase 

air-water mixture is found to be unsTable and difficult to quantify the mixing rate in the 

test.  

 

5.4 Assessment of existing model to simulate two phase turbulent mixing rate 

An attempt has been made to study the capability of existing to predict the measured two 

phase turbulent mixing rate. These models have been proposed to predict two phase 

turbulent mixing rate are shown in Appendix 1. 

In this section, we evaluate the turbulent mixing models against the data obtained from 

present experiments of two phase turbulent mixing as discussed above. For evaluation, 

we have compared the measured (experimental) turbulent mixing rate in two phase flow 

W’exp with predicted liquid phase turbulent mixing rate in two phase flow W’cal. The error 

analysis has been done to find out maximum, minimum and average error between 
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measured and predicted value of two phase turbulent mixing rate. The error analysis 

shows how predicted value by turbulent mixing models differs from measured 

experimental values. 

 

The maximum and minimum error is calculated as: 
 
 

Maximum Error (+ve deviation),

' '
exp

max '
exp

max 100calW W
E

W

 −
= ×  

 
  (5.6) 

 
 

Minimum Error (–ve deviation), 

' '
exp

min '
exp

min 100calW W
E

W

 −
= ×  

 
  (5.7) 

 
The average error is calculated as 

 

        (5.8) 

 
 
 
where n= no. of data points and 
 
 

' '
, ,exp

'
,exp

100i cal i
i

i

W W
E

W

 −
= ×  
 

        (5.9) 

 
 
 

Figures 5.3 (a), (b) and (c) show comparison of existing model with present experimental 

data  

1 %

n

i
i

E
AverageError

n
==
∑
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Fig.5.3 (a).Comparison of the predictions of Bues model (1972) against subchannel 

experiments for turbulent mixing rate in two phase flow 

 
The calculated two phase turbulent mixing rate by Bues model (1972) shows large 

discrepancy, when compared against measured two phase turbulent mixing rate as seen in 

Fig. 5.3 (a). The calculated turbulent mixing rate for subchannel 3-2 differs from 

measured turbulent mixing rate by maximum error of +2270%, minimum error of -84% 

and an average error of +249 %. Similarly the calculated turbulent mixing rate for 

subchannel 1-2 differs from measured turbulent mixing rate by maximum error of 

+4380%, minimum error of -80% and an average error of + 567%.  
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Fig. 5.3 (b). Comparison of the predictions of Kazimi and Kelly’s (1983) against 

subchannel experiments for turbulent mixing rate in two phase flow. 

 

The calculated two phase turbulent mixing rate by Kazimi and Kelly model (1983) shows 

large discrepancy, when compared against measured two phase turbulent mixing rate as 

seen in Fig. 5.3 (b). The calculated turbulent mixing rate for subchannel 3-2 differs from 

measured turbulent mixing rate by maximum error of -7 %, minimum error of -68% and 

an average error of -57.2 %. Similarly the calculated turbulent mixing rate for subchannel 

1-2 differs from measured turbulent mixing rate by maximum error of -17 %, minimum 

error of -74 % and an average error of -67.6 %.  
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Fig. 5.3 (c). Comparison of the predictions of Carlucci et al. (2003) against subchannel 

experiments for turbulent mixing rate in two phase flow. 

 

The calculated two phase turbulent mixing rate by Carlucci et al. model (2003) shows 

large discrepancy, when compared against measured two phase turbulent mixing rate as 

seen in Fig. 5.3 (c). The calculated turbulent mixing rate for subchannel 3-2 differs from 

measured turbulent mixing rate by maximum error of +295%, minimum error of -80% 

and an average error of +63 %. Similarly the calculated turbulent mixing rate for 

subchannel 1-2 differs from measured turbulent mixing rate by maximum error of 

+302%, minimum error of -80% and an average error of +55.1%. 
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5.5 Model development  
 

Because of large difference in models prediction and present test data, it is important to 

develop AHWR specific models. As we have seen in Figures 5.1 and 5.2, the 

characteristics of liquid and gas phase turbulent mixing rate in two phase flow changes 

with void fraction ranging from 0 to 0.8. This is because turbulent mixing rate is flow 

regime dependent (i.e. for liquid phase void fraction ranges from 0≤ α ≤0.3, 0.3≤ α ≤0.55 

and 0.55≤ α ≤0.8 and for gas phase 0.3≤ α ≤0.65 and 0.65≤ α ≤0.8.). So in order to 

develop a flow regime based model applicable for AHWR geometry, the model presented 

earlier in equation (1.31) and (1.32) was used for liquid and gas phase turbulent mixing 

rate respectively and modified for different flow regimes. 

 

The equation of liquid phase turbulent mixing number is as follows  

 

                                                                    (5.10) 

 

where gap to centroid factor (Fl,gc) and pressure factor (Fp) are as follows 

 

 
( )

1

, 1

a

l gc liq

S
F C β

δ
  =   

  
and . .

. .

n

H T
p

R T

F
σ
σ
 

=  
 

                      (5.11) 
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The equation of gas phase turbulent mixing number is as follows  

 

                                                                    (5.12) 

 

where gap to centroid factor (Fl,gc) and pressure factor (Fp) are as follows 

 

( )1

, 1

liq
S

a

g gcF C e
β

δ
 ×  
 = ×  and . .

. .

n

H T
p

R T

F
σ
σ
 

=  
 

                   (5.13) 

 

These coefficients and exponents for liquid and gas phase mixing rate are determined in 

following section 5.4.1 and 5.4.2 

5.5.1 Liquid phase turbulent mixing rate 
 

(a) Liquid phase turbulent mixing model for void fraction ranges from 0≤ α ≤0.3. 

Figure 5.4 (a) shows the test data plotted on dimensionless liquid mixing number against 

mixture Reynolds number for void fraction ranges from 0≤ α ≤0.3 

 

( ), , ln(R e ga

g m ix g gc p g m ixN F F C= × × × β )
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Fig. 5.4 (a) Liquid phase mixing rate (0≤ α ≤0.3) 

The final equations so obtained for liquid phase mixing number considering geometrical 

and pressure parameter are as follows. 

 

                                                                    (5.14) 

or 

  

                                                                    (5.15) 

 

(b) Liquid phase turbulent mixing model for void fraction ranges from 0.3≤ α ≤0.55.  

 

Figure 5.4 (b) shows the test data plotted on dimensionless liquid mixing number against 

mixture Reynolds number for void fraction ranges from 0.3≤ α ≤0.55  

 

1.2
, , 0.00053Rel mix l gc p mixN F F= × ×

( )
,

1.2

hom'
, 2

0.00053 Re
l mix

mix
l gc p

h

A
W F F

D

µ× × ×
= × ×



Study of Two Phase Turbulent Mixing Rate in AHWR Rod Bundle 

120 
 

 

Fig 5.4 (b) Liquid phase mixing rate (0.3≤ α ≤0.55). 

The equations so obtained for liquid phase mixing rate considering geometrical and 

pressure factor are as follows 

 

                                                                    (5.16) 

 

or  

  

                                                                  (5.17) 

 

(c) Liquid phase turbulent mixing model for void fraction ranges from 0.55≤ α ≤0.8  

 

Figure 5.4 (c) shows the test data plotted on dimensionless liquid mixing number against 

mixture Reynolds number for void fraction ranges from 0.55≤ α ≤0.8  

 

1.80
, , 0.00104Rel mix l gc p mixN F F= × ×

( )
,

1.80

hom'
, 2

0.00104 Re
l mix

mix
l gc p

h

A
W F F

D

µ× × ×
= × ×



Study of Two Phase Turbulent Mixing Rate in AHWR Rod Bundle 

121 
 

 

Fig 5.4 (c) Liquid phase mixing rate (0.55≤ α ≤0.8). 

 

The equations so obtained for liquid phase mixing rate considering geometrical and 

pressure factor are as follows 

 

                                                                    (5.18) 

or 

  

                                                                  (5.19) 

 

The details of gap to centroid factor (Fl,gc) and pressure factor (Fp) is given in Appendix 2 
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5.5.2 Gas phase turbulent mixing rate 
 

(a) Gas phase turbulent mixing model for void fraction ranges from 0.3≤ α ≤0.65  

Figure 5.5 (a) shows the test data plotted on dimensionless gas mixing number against 

combined volumetric gas fraction and mixture Reynolds number for void fraction ranges 

from 0.3≤ α ≤0.65. 

 

 

Fig 5.5 (a) Gas phase mixing rate (0.3≤ α ≤0.65) 

 

The equations so obtained for gas phase mixing rate considering geometrical and pressure 

factor are as follows 

 

                                                                    (5.20) 

 

 

 

( )5.14

, , 0.0000749 ln(Reg mix g gc p mix gN F F= × × ×β )



Study of Two Phase Turbulent Mixing Rate in AHWR Rod Bundle 

123 
 

or 

 

 

                                                                                                                                  (5.21) 

 

(b) Two phase turbulent mixing model for void fraction ranges from 0.65 ≤ α ≤0.8  

Figure 5.5 (b) shows the test data plotted on dimensionless gas mixing number against 

combined volumetric gas fraction and mixture Reynolds number for void fraction ranges 

from 0.65 ≤ α ≤0.8 

 

 

Fig 5.5 (b) Gas phase mixing rate (0.65 ≤ α ≤0.8) 

 

The equations so obtained for gas phase mixing rate considering geometrical and pressure 

factor are as follows 

                                                                    (5.22) 
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or 

 

                                                                                                                                 (5.23) 

The details of gap to centroid factor (Fg,gc) and pressure factor (Fp) is given in 

Appendix2. 

It may be noted that the present model applicable to AHWR rod bundle having pitch to 

diameter ratio is 1.2. The present model is valid for void fraction varies from 0≤ α ≤ 0.8. 

The validity of this model is checked against present experimental data as shown in 

Figure 5.6.  

 

 
 

Fig. 5.6. Comparison of the predictions of present model against subchannel experiments 

for turbulent mixing rate in two phase flow. 

 

The calculated mixing number for subchannel 3-2 differs from measured mixing number 

by maximum error of +36 %, minimum error of -34 % and  an average error of -2 % 

whereas calculated mixing number for subchannel 1-2 differs from measured mixing 
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number by maximum error of +20 %, minimum error of -35 % and an average error of + 

1.6 %. These errors are significantly less than that predicted by previous models. 

 

5.6 Closure 

 

The two phase turbulent mixing rate among the subchannels of AHWR rod bundle is 

measured by varying void fraction for different superficial liquid velocity and found that 

turbulent mixing rate is flow regimes dependent. The magnitude of turbulent mixing rate 

is found to increase with increase in superficial liquid velocity. An assessment of existing 

models against present experimental data has been carried out and found that none of 

these models predict measured turbulent mixing rate for AHWR rod bundle. In the view 

of this, a new model applicable to AHWR has been presented which predicts turbulent 

mixing rate quite accurately. 
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CHAPTER 6 

 

STUDY OF VOID DRIFT IN AHWR ROD BUNDLE 
 
 

 

 

6.1 Introduction 
 
 
In this chapter, results of void drift for AHWR rod bundle are discussed. The necessary 

condition for void drift to occur is that, at both the inlet and the outlet ends of the mixing 

section, the time-averaged radial pressures difference between subchannels has to be zero 

i.e. ∆P1-2= ∆P3-2= 0. The measured inlet water and air flow rate from respective 

subchannel line passes through mixer to form two phase flow. This two phase air-water 

mixture was introduced into all three subchannels such that difference in radial pressure 

between the subchannels is minimum. This was achieved by throttling the air discharge 

line valve after the air-water separator. Under this condition, flow rate of each phase at 

outlet of the separators were again measured through respective subchannel lines 

rotameters. This difference in flow rate at inlet (non-equilibrium flow) and outlet 

(equilibrium flow) of individual subchannel of test section gives net change in flow rate 

due to void drift. 
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The net change in gas mass flux between the subchannels due to void drift can be 

expressed by (Lahey and Moody (1993))  

 

, ( ) ( ) /g ij g i j i j eq ijG D Sρ α α α α = − − −                                                                                 (6.1)   

     

where Gg,ij is net change in mass flux between adjacent subchannel due to void drift, ρg is 

the density of gas, D is void diffusion coefficients, (αi- αj) is void fraction difference in 

non-equilibrium flow,  (αi- αj)eq is void fraction difference in equilibrium flow and Sij  is 

gap between the subchannels.  

There are two known parameters (ρg and Sij) and three unknown parameters (Gg,ij,  (αi- αj) 

in equillbrium and non equillbrium condition and D) in equation (6.1). To determine 

these parameters, the following steps have been taken: 

 

Step 1: For gas mass flux, the mass flux in respective subchannel was calculated by 

substituting measured volumetric flow rate (Qg) by gas rotameter into following equation 

 

,
,

g g i
g i

i

Q
G

A

ρ ×
=                                                                                                                    (6.2)  

 

The net change in gas mass flux between subchannels is given by  

 

Gg,ij = Gg,i,in - Gg,i,out                                                                                                      (6.3) 
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where Gg,in and Gg,out is the gas mass flux at inlet and outlet of the subchannel and is 

calculated by equation (6.2) 

 

Step 2: For void fraction difference in equilibrium and non-equilibrium flow, the void 

fraction in each subchannel, i.e. subchannels 1, 2 and 3 is calculated by following steps 

(a) Superficial velocity of both the phases in all three subchannels i.e. subchannel no. 

1, 2 and 3 were calculated by  

 

Jg,i=Qg,,i/A i and Jl,,i=Ql,iI /Ai.                                                                                (6.4) 

   

where gJ  is gas superficial velocity,lJ  is liquid superficial velocity, Qg is volumetric 

flow rate of gas, Ql is volumetric flow rate of liquid and A is flow area of subchannel.    

  

(b) The equilibrium and non-equilibrium void fraction is evaluated by substituting 

respective gas volumetric fraction into Chislom correlation (1973) as follows 

 

1

1 1

i
i

i
i

g
i

l

βα ββ
ρβ ρ

= −+
 − − 
 

                                                                              (6.5)     

                    

Where iβ  = gas volumetric fraction is given by g
i

g l

J

J J
β =

+                           
(6.6)   
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The correlation is valid for 0 ≤ βi ≤ 0.9 provided that liquid is no more viscous than water 

(Chisholm (1973)). The correlation was compared with air-water flow experiment at 

atmospheric condition and found to be in good agreement with experiment in range ± 

6.02% (Chisholm (1973)). The current experiments are performed at near atmospheric 

conditions with air and water as working fluids. The working range of βi in present 

experiment varies from 0.2 to 0.9 which is well under the limit of correlation.
   

                                         
 

Step 3: The void diffusion coefficient (D) is determined by substituting void fraction 

difference in equilibrium and non-equilibrium condition and net gas mass flux due to 

void drift in void settling model given in equation (6.1). 

 

In addition to above, an assessment of existing models for prediction of equilibrium void 

fraction against our experimental data has been carried out. 

 
6.2 Experiments conducted   
 

Experiments were carried out to determine void drift among the subchannels of AHWR 

rod bundle. The flow redistribution due to void drift among the subchannels of AHWR 

rod bundle was measured by varying superficial liquid velocity in non-equilibrium flow 

condition at inlet ranging from 0 to 0.48 m/s and superficial gas velocity (Jg) ranging 

from 0 to 1.38 m/s corresponding void fraction ranging from 0 to 0.8 which is same as 

that in prototype.  
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The experiments were repeated three times and error found was within ± 1 %. The liquid 

and gas flow rate of each subchannels was measured by respective liquid and gas 

rotameter. 

The experimental test matrix for void drift is given in Table 6.1 

 
Table 6.1 Experimental test matrix for void drift 
 
 
S. 

no 

Superficial  

Liquid 

velocity 

Jl in sub 3 

Superficial  

gas 

velocity 

Jg in sub 3 

Superficial  

Liquid 

velocity 

Jl in sub 2  

Superficial  

gas 

velocity 

Jg in sub 2 

Superficial  

Liquid 

velocity 

Jl in sub 1 

Superficial  

gas 

velocity 

Jg in sub 1 

1 0.12 0.73  to 1.32 0.11 0.58  to 1.02 0.13 0.77 to 1.38 

2 0.19 0.73  to 1.32 0.16 0.58  to 1.02 0.19 0.77 to 1.38 

3 0.26 0.07 to 0.71 0.22 0.06  to 0.56 0.26 0.08 to 0.75 

4 0.34 0.07 to 0.71 0.29 0.06  to 0.56 0.35 0.08 to 0.75 

5 0.40 0.23 to 0.71 0.34 0.18  to 0.56 0.42 0.25 to 0.75 

6 0.46 0.08 to 0.14 0.38 0.06 to 0.11 0.48 0.08 to 0.15 

 
 

The void fraction for each subchannel is calculated by using equation (6.5) with the 

superficial liquid velocity and superficial gas velocity of respective subchannels in 

equilibrium and non-equilibrium flow condition. The net change in mass flux between 

adjacent subchannels is calculated by using equation (6.3). Afterward, the void diffusion 

coefficient (D) is determined by using equation (6.1) with the void fraction difference in 
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equilibrium and non-equilibrium condition and net gas mass flux due to void drift in void 

settling model given in equation (6.1). 

 
6.3 Results and discussion   
 

The flow redistribution (non-equilibrium flow to equilibrium flow) due to void drift 

among the subchannels of AHWR rod bundle was measured by varying superficial liquid 

velocity at inlet ranging from 0 to 0.48 m/s and superficial gas velocity (Jg) ranging from 

0 to 1.38 m/s corresponding void fraction ranging from 0 to 0.8 which is same as that in 

prototype. 

Figures 6.1 (a) and 6.1 (b) show variation of equilibrium flow (at outlet) with non-

equilibrium flow (at inlet) for both gas and liquid phase respectively. 

 

 

(a) Gas phase 
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               (b) Liquid phase 

Fig. 6.1 Equilibrium flow vs non equilibrium flow for gas and liquid phase 

 

The non-equilibrium flow approaches towards equilibrium flow as going downstream of 

test section. The gas volumetric flow rate is more in subchannel 2 as compared to 

subchannel 3 and subchannel 1 while liquid volumetric flow rate is less in sub channel 2 

as compared to subchannel 3 and subchannel 1. This is because ratio of flow area of 

subchannel 2 (A2) to the total area (At=A1+A2+A3) is more for subchannel 2 (A2/At=0.40) 

as compared to subchannel 3 (A3/At = 0.29) and subchannel 1 (A1/At=0.31). It means that 

voids drift towards subchannels having more open area (i.e. subchannel 2) which is 

agreed with existing literature [(Lahey and Schraub (1969), Lahey et al. (1972), 

Gonzalez-Santalo et al. (1972); Lahey (1986); Sato et al. (1987), Tapucu et al. (1988), 

Gencay et al. (2001), Sadatomi et al. (1994), Sadatomi et al. (2004) ]. 
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Figures 6.2 (a) and 6.2 (b) show variation of equilibrium void fraction (at outlet) with 

non-equilibrium (at intlet) void fraction.  

 

Fig. 6.2 (a) Equilibrium void fraction vs non equilibrium void fraction for subchannel 3-2 

 

Fig. 6.2 (b) Equilibrium void fraction vs non equilibrium void fraction for subchannel1-2 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

α
eq

αnon-eq

Sub 2 (Jl=0.24 m/s)

Sub 2 (Jl=0.32 m/s)

Sub 2 (Jl=0.38 m/s)

Sub 2 (Jl=0.43 m/s)

Sub 2 (Jl=0.12 m/s)

Sub 2 (Jl=0.17 m/s)

Sub 3 (Jl=0.24 m/s)

Sub 3 (Jl=0.32 m/s)

Sub 3 (Jl=0.38 m/s)

Sub 3 (Jl=0.42 m/s)

Sub 3 (Jl=0.12 m/s)

Sub 3 (Jl=0.17 m/s)

linear fit

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

α
eq

αnon-eq

Sub 2 (Jl=0.24 m/s)

Sub 2 (Jl=0.32 m/s)

Sub 2 (Jl=0.38 m/s)

Sub 2 (Jl=0.43 m/s)

Sub 2 (Jl=0.13 m/s)

Sub 2 (Jl=0.17 m/s)

Sub 1 (Jl=0.24 m/s)

Sub 1 (Jl=0.32 m/s)

Sub 1 (Jl=0.38 m/s)

Sub 1 (Jl=0.42 m/s)

Sub 1 (Jl=0.13 m/s)

Sub 1 (Jl=0.17 m/s)

linear fit



Study of Void Drift in AHWR Rod Bundle  

134 
 

The main findings of these experiments are as follows. 

(1) The equilibrium void fraction is more in subchannel 2 as compared to subchannel 

3 and subchannel 1. This is because ratio of flow area of subchannel 2 (A2) to the 

total area (At=A1+A2+A3) is more for subchannel 2 (A2/At=0.40) as compared to 

subchannel 3 (A3/At = 0.29) and subchannel 1 (A1/At=0.31).  

(2) The variation in equilibrium and non-equilibrium void fraction is very less with 

respect to liquid superficial velocity. 

(3) In both the cases of void drift i.e. subchannel 1-2 and subchannel 3-2, the 

difference in equilibrium and non-equilibrium void fraction of individual 

subchannels is less when void fraction is equal to 0.3 and this difference is more 

at void fraction greater than 0.3. This means that voids drift more in slug-churn as 

compared to bubbly flow. 

6.4 Determination of void diffusion coefficient 
 
 
The void diffusion coefficient (D) is determined by substituting void fraction difference 

in equilibrium and non-equilibrium condition and net gas mass flux due to void drift in 

void settling model given in equation (6.1). Figures 6.3 (a) and 6.3 (b) show the variation 

of void diffusion coefficient between the subchannels with average void fraction.  
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Fig. 6.3 (a).  Variation of void diffusion coefficient between the subchannel 1-2 with 

average void fraction 1-2  

 

 

Fig. 6.3 (b).  Variation of void diffusion coefficient between the subchannel 3-2 with 

average void fraction 3-2 
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The main findings are as follows. 

1. The void diffusion coefficient is more or less constant or little increases with 

increase in average void fraction up to α≈0.45.  Beyond void fraction α≈0.45, 

there is a steep increase in void diffusion coefficient with increase in average void 

fraction. 

2. The trends of void diffusion coefficient found to be same for subchannel 1-2 and 

subchannel 3-2.  

3. Also the magnitude of diffusion coefficient found to be increase with increase in 

superficial liquid velocity. 

 

6.5 Assessment of existing model to simulate equilibrium void fraction distribution 

due to void drift 

 

An attempt has been made to study the capability of existing models to predict the 

measured equilibrium void fraction distribution.  Rowe et al. (1990) and Carlucci et al. 

(2003) proposed model to evaluate the void fraction distribution in a hydraulically 

equilibrium flow. The model of equilibrium void fraction distribution by Rowe et al. 

(1990) is given by 

 

,

,
(1 )(1 )h avg

h i

D

i avg avg avg Dα α α α= + − −                                                                    (6.7) 
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Carlucci et al. (2003) modified Rowe et al. (1990) model by including constant K and 

factor of mass-flux and pressure FG,p, which is given by  

 

,

,, (1 )(1 )h avg

h i

D

i avg avg G p avg DK Fα α α α= + − −
                                                         (6.8) 

 

In this section, we evaluate the equilibrium void fraction models like Rowe et al. (1990), 

Carlucci et al. (2003) against the data obtained from present experiments of equilibrium 

void fraction as discussed above. For evaluation, we have compared the measured 

(experimental)  equilibrium void fraction  α,exp with equilibrium void fraction  α,cal The 

error analysis has been done to find out maximum, minimum and average error between 

measured and calculated  (predicted) value of two phase turbulent mixing rate. The error 

analysis shows how predicted value by equilibrium void fraction models differs from 

experimental values. 

 

Max. Error , ,exp
max,

,exp

max 100i cal i
i

i

E
α α

α
 −

= ×  
 

                     (6.9) 

 

Min. Error , ,exp
min,

,exp

min 100i cal i
i

i

E
α α

α
 −

= ×  
 

                   (6.10) 

 

The average error is calculated as 

1 %

n

i
i

E
AverageError

n
==
∑

           (6.11) 
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where n= no. of data points and 

 

 , ,exp

,exp

100i cal i
i

i

E
α α

α
 −

= ×  
 

         (6.12) 

 

The capability of existing models to predict the measured equilibrium void fraction 

distribution as shown in Figures 6.4 and 6.5  

 

 

Fig. 6.4 Comparison of the predictions of Rowe et al. Model (1990) against subchannels 

experiments for equilibrium void fraction in two phase flow. 

 

The calculated equilibrium void fraction by Rowe et al. (1990) model shows discrepancy, 

when compared against measured equilibrium void fraction as seen in Figure 6.4. The 

error calculated between predicted and experiment is very less. The calculated 

equilibrium void fraction differs from measured equilibrium void fraction for subchannel 



Study of Void Drift in AHWR Rod Bundle  

139 
 

1 by an average error of -7 %.The calculated equilibrium void fraction differs from 

measured equilibrium void fraction for subchannel 2 by an average error of -4 %.The 

calculated equilibrium void fraction differs from measured equilibrium void fraction for 

subchannel 3 by an average error of 5 %. 

 

 

Fig. 6.5 Comparison of the predictions of Carlucci et al. model (2003) against 

subchannels experiments for equilibrium void fraction in two phase flow. 

 

The calculated equilibrium void fraction by Carlucci et al. (2003) model shows 

discrepancy, when compared against measured equilibrium void fraction as seen in 

Figure 6.5. The same trend is found in this model because this model is derived from 

Rowe et al. (1990) model. The calculated equilibrium void fraction differs from measured 

equilibrium void fraction for subchannel 1 by an average error of -5 %.The calculated 

equilibrium void fraction differs from measured equilibrium void fraction for subchannel 
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2 by an average error of -4 %.The calculated equilibrium void fraction differs from 

measured equilibrium void fraction for subchannel 3 by an average error of 5 %. 

The above comparison indicates that Rowe et al. (1990) and Carlucci et al. (2003) models 

could predict void fraction distribution in a hydraulically equilibrium flow with an 

average error of ±5 %.  

 

In addition to these models, Lahey model (1972) is also compared against present 

experimental data which is shown in Figure 6.6. Lahey et al. (1972) derived model based 

on Levy’s (1963) model is given by 

 

( ) ( )i j i j

avg avg

G G

G

α α
α

− −=
                                                                                                   (6.13)

 

 
           

 

 

Fig. 6.6 Comparison of ratio of equilibrium void fraction difference to average void 

fraction vs ratio of equilibrium mass flux difference to average mass flux in two phase 

flow. 
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The result indicates that the ratio of equilibrium void fraction difference to the average 

void fraction is not proportional to ratio of equilibrium mass flux difference to average 

mass flux between subchannels. This trend is also found by previous subchannel 

experiments of void drift; for two subchannel experiment by Sadatomi (1994) and for 

multi-subchannel experiment by Sadatomi (2004). 

 

6.6 Closure 

 

The void drift among the subchannels of AHWR rod bundle is measured for different 

superficial liquid velocity and found that voids drift towards subchannels having more 

open area. Also voids drift is more in slug-churn as compared to bubbly flow. In addition 

to it, the diffusion coefficient is also determine by substituting net mass flux due to void 

drift and void fraction difference in equilibrium and non-equilibrium condition. An 

assessment of existing models against our experimental data has been carried out and 

found that these models predict present data quite accurately.  
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CHAPTER 7 

 

STUDY OF SINGLE AND TWO PHASE DIVERSION CROSS 

 FLOW IN AHWR ROD BUNDLE 
 
 

 

 

7.1 Introduction  
 
 
In this chapter results of single phase and two phase diversion cross flow for AHWR rod 

bundle are discussed. The diversion cross flow is an inter-subchannel mixing phenomena 

which occurs only due to radial pressure difference between adjacent subchannels. The 

necessary condition for diversion cross flow to occur is that, at the inlet of the mixing 

section, the time-averaged radial pressures difference between the subchannels is not zero 

i.e. ∆P1-2= ∆P3-2≠ 0. The measured inlet water flow rate for single phase flow and 

measured air-water mixture was introduced into all three subchannels, such that 

difference in radial pressure between the subchannels should exist. Under this condition, 

flow rate of each phase at outlet of the separators were again measured through respective 

subchannel lines rotameters. This difference in flow rate at inlet and outlet of individual 

subchannel of test section will give net change in flow rate due to diversion cross flow.  

This flow redistribution occurs in the presence of radial pressure difference between the 

subchannels.  The radial pressure difference between the subchannels is generally related 
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to density and cross flow velocity between the subchannels by a factor “K”  which is 

called as transverse resistance coefficient or cross flow resistance coefficient represented 

as 

21
2 dc

P
K

Vρ

∆=                                                                                                                     (7.1) 

Where ∆P is radial pressure difference between subchannels 

ρl = Density of liquid and Vdc= diversion cross flow velocity 

Using cross flow momentum equation based on two fluid model, to take care of the gap 

to centroidal distance in the subchannel; the transverse resistance coefficient or cross 

flow resistance is modified as  

 
2

dc

S P
K

Vδ ρ
∆=                                                                                                                 (7.2) 

where S is gap between the subchannels and δ is centroidal distance between 

subchannels. 

The lateral velocity due to diversion cross flow in single phase flow can be calculated as 

dc dcV J=                                                                                                                          (7.3) 

 The lateral velocity due to diversion cross flow in two phase flow can be calculated as 

1
dc

dc

J
V

α
=

−
                                                                                                                      (7.4) 

Where Jdc = (Qin-Qout)/A is superficial liquid velocity due to diversion cross and α 

average void fraction between the subchannel 

 Also an assessment of existing models against present experimental data has been 

carried out. In the view of this, a new model for cross flow resistance (K) of single and 

two phase flow condition, applicable to AHWR has been presented.  
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7.2 Experiments conducted  
 

Experiments were carried out to determine transverse cross flow resistance for single 

phase flow by varying axial velocity from 0 to 1 m/s and for two phase flow, the 

superficial axial liquid velocity was varied from 0 to 0.64 m/s and superficial axial gas 

velocity was varied from 0 to 1.8 m/s corresponding void fraction in two phase flow 

ranging from 0 to 0.8 which is same as that in prototype. In order to set a cross flow in 

the test section, Kawahara et al. (2007) method was used In the present experiment, we 

fixed the inlet flow rate ratio in the subchannels Q2/Qt = 0.6 and Q1/Qt = Q3/Qt =0.2 for 

every run. The experiments repeated three times and error found was within ± 1 %.  The 

experimental test matrix for single and two phase diversion cross flow is given in Tables 

7.1 and 7.2 respectively. 

Table 7.1 Experimental test matrix for single phase diversion cross flow 

S. no Velocity in subchannel  

3 

m/s 

Velocity in subchannel  

 2 

m/s 

Velocity in subchannel  

1 

m/s 

1 
0.08 0.18 0.09 

2 
0.11 0.26 0.12 

3 
0.16 0.36 0.17 

4 
0.2 0.47 0.22 

5 
0.28 0.64 0.3 

6 
0.38 0.87 0.42 

7 
0.47 1.1 0.52 
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Table 7.2 Experimental test matrix for two phase diversion cross flow 
 

S. no Superficial  

Liquid 

velocity 

Jl in sub 3 

Superficial  

gas 

velocity 

Jg in sub 3 

Superficial  

Liquid 

velocity 

Jl in sub 2  

Superficial  

gas 

velocity 

Jg in sub 2 

Superficial  

Liquid 

velocity 

Jl in sub 1 

Superficial  

gas 

velocity 

Jg in sub 1 

1 0.08 0.44 to 0.78 0.17 1.00 to 1.8 0.09 0.48 to 0.86 

2 0.11 0.44 to 0.78 0.26 1.00 to 1.8 0.12 0.48 to 0.86 

3 0.16 0.04 to 0.40 0.36 0.10 to 0.97 0.17 0.05 to 0.48 

4 0.20 0.04 to 0.40 0.47 0.10  to 0.97 0.22 0.05 to 0.48 

5 0.27 0.04 to 0.40 0.64 0.10  to 0.97 0.30 0.05 to 0.48 

 

The cross flow resistance coefficient between subchannel 1-2 and subchannel 3-2 for 

single and two phase was calculated by using equation (7.2) with the measured radial 

pressure difference by DPTs, lateral velocity, gap to centroidal distance ratio and density 

of fluid. 

The lateral velocity due to diversion cross flow in single phase and two phase flow is 

calculated by using equations (7.3) and (7.4) respectively. 

7.3 Results and discussion 
 
The cross flow resistance is measured for single phase flow by varying axial velocity 

from 0 to 1 m/s and for two phase flow, the superficial axial liquid velocity was varied 

from 0 to 0.64 m/s and superficial axial gas velocity was varied from 0 to 1.8 m/s 

comp
Line
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corresponding void fraction in two phase flow ranging from 0 to 0.8 which is same as 

that in prototype. 

 

7.3.1 Single phase diversion cross flow 
 

Figure 7.1 shows the variation of transverse resistance coefficient (Ksp), for single phase 

water flows. The transverse resistance coefficient (Ksp) is plotted against a ratio of 

diversion cross flow velocity to the axial velocity (Vdc/Vaxial).  

 

 

Fig. 7.1 Transverse resistance coefficient in single phase flow vs Ratio of cross flow 

velocity to the axial velocity 

 

The single phase Transverse resistance coefficient coefficient (Ksp) are well correlated 

with (Vdc/Vaxial) by the regression curve and is given by 

 

Ksp= 7×109 exp(-50.5Vdc/Vaxial)                                                                                    (7.5)  

0.01
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Where K= transverse resistance coefficient, Vdc= Diversion cross flow velocity, Vaxial= 

Axial flow velocity    

7.3.2 Two phase diversion cross flow 
 

Figure 7.2 shows variation of transverse resistance coefficient (Ktp), for two phase flows. 

The transverse resistance coefficient (Ktp) is plotted against a ratio of diversion cross flow 

velocity to the axial velocity (Vdc/Vaxial). 

 

 

Fig. 7.2 Transverse resistance coefficient in two phase flow vs Ratio of cross flow 

velocity to the axial velocity.  

The two phase transverse resistance coefficient (Ktp) are well correlated with (Vdc/Vaxial) 

by the regression curve and is given by 

 

Ktp= 54 exp(-0.63Vdc/Vaxial)                                                                                        (7.6) 

1
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The main findings are as follows. 

1. The cross flow resistance coefficient decreases with increase in ratio of cross flow 

velocity to the axial velocity both in single and two phase flow condition.  

2. Also cross flow resistance coefficient in two phase flow is higher as compared to 

single phase flow. 

 

7.4 Assessment of existing model to simulate diversion cross flow resistance 
 

In computer codes such as COBRA, the transverse resistance coefficient is assumed to be 

constant all along the gap between the subchannels e.g.  0.15 [Rowe (1973)], 0.5 [Rowe 

(1973)], 1.0 [Tappacu (1988)], 2.5 [Shoukri, (1985)]. The experiment performed by 

Tapucu [1976] shows that cross flow resistance coefficient is not constant and it is 

function ratio of the lateral flow velocity to the donor channel axial velocity, the recipient 

channel axial velocity, and of the gap clearance and thickness of the slot.  

Kim and Park (1975) proposed a correlation for predicting cross flow resistance is 

function of ratio of the lateral flow velocity to the donor channel axial velocity, Reynolds 

number of recipient channel and ratio of pitch to diameter.  Kawahara et al. (2007) 

proposed a correlation for predicting cross flow resistance is a function of ratio of cross 

flow velocity to the average mean velocity between the subchannel. Iwamura (1986) 

proposed a correlation relating cross-flow resistance is proportional void fraction and 

cross-flow Reynolds number.  
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An attempt has been made to study the capability of existing models to predict the 

measured single phase and two phase diversion cross flow resistance.  The error analysis 

has been done to find out maximum, minimum and average error between measured and 

calculated (predicted) value of cross flow resistance coefficient.  

 

Max. Error exp
max,

exp

max 100cal
i

K K
E

K

 −
= ×  

 

                     (7.7)      

  

Min. Error exp
min,

exp

min 100cal
i

K K
E

K

 −
= ×  

 

                     (7.8)   

       

The average error is calculated as 

1 %

n

i
i

E
AverageError

n
==
∑

             (7.9)   

     

where n= no. of data points and 

 exp

exp

100cal
i

K K
E

K

 −
= ×  
 

         (7.10)       
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(i) Evaluation of single phase diversion cross flow model 

 

Table 7.3 and Table 7.4 shows  prediction due to Kawahara et al. (2007) and Kim and 

Park (1995) model compared  against experimental data of subchannel 1-2 and 

subchannel 3-2. 

 

Table 7.3 Comparision of  prediction by Kawahara et al. (2007) model and measured 

value of transerverse resistance coefficient in single phase diversion cross flow 

                     Subchannel 1-2                    Subchannel 3-2 

S.

no 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

1 0.513 0.0301 -94 -84 0.278 0.0288 -90 -73 

2 0.343 0.0293 -91 0.187 0.0281 -85 

3 0.243 0.0289 -88 0.132 0.0277 -79 

4 0.183 0.0281 -85 0.099 0.0270 -73 

5 0.141 0.0278 -80 0.081 0.0267 -67 

6 0.123 0.0270 -78 0.070 0.0260 -63 

7 0.099 0.0264 -73 0.055 0.0255 -54 
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Table 7.4 Comparision of  prediction by Kim and Park (1995)  model and measured 

value of transerverse resistance coefficient in single phase diversion cross flow 

 

                     Subchannel 1-2                    Subchannel 3-2 

S.

no 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

1 0.513 1.6E-30 -100 -100 0.278 2.8E-31 -100 -100 

2 0.343 5.5E-31 -100 0.187 1.0E-31 -100 

3 0.243 3.2E-31 -100 0.132 6.1E-32 -100 

4 0.183 1.1E-31 -100 0.099 2.2E-32 -100 

5 0.141 6.4E-32 -100 0.081 1.3E-32 -100 

6 0.123 2.2E-32 -100 0.070 4.7E-33 -100 

7 0.099 9.1E-33 -100 0.055 2.1E-33 -100 

 

 

The results indicate that Kawahara et al. (2007) and Kim and Park (1995) model predict 

significantly lower than measured values.  

In addition to it, a new model is proposed for transverse resistance coefficient which is 

given by equation (7.5). The prediction due to this model has been compared against 

present experimental data as shown in Table 7.5.  
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Table 7.5.  Comparision of  present model against experimental data of subchannelsl 1-2 

and subchannel 3-2 

                     Subchannel 1-2                    Subchannel 3-2 

S.

no 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

1 0.51331 0.42865 -16 -8.6 0.27843 0.24498 -12 -0.42 

2 0.34334 0.30544 -11 0.18661 0.17742 -5 

3 0.24266 0.25746 6 0.13202 0.15078 14 

4 0.18253 0.18239 0 0.09949 0.1086 9 

5 0.15314 0.15329 0 0.08356 0.09203 10 

6 0.13197 0.10795 -18 0.07214 0.06591 -9 

7 0.10314 0.0813 -21 0.05647 0.05032 -11 

 

The results indicate that the present model can predict the transverse resistance 

coefficient predicts quite accurately. 

 

(ii) Evaluation of two phase diversion cross flow model 

Table 7.6  and Table 7.7 shows  Kawahara et al. (2007) model and Iwamura et al. (1986) 

model compared  against experimental data of subchannel 1-2 and subchannel 3-2. 
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Table 7.6 Comparision of  prediction by Kawahara et al. (2007) model against measured 

value of transerverse resistance coefficient in two phase diversion cross flow 

                     Subchannel 1-2                    Subchannel 3-2 

S.

no 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

1 60.92 0.13 -99.78 -99.56 68.65 0.12 -99.83 -99.54 

2 41.87 0.10 -99.76 59.99 0.09 -99.85 

3 33.70 0.07 -99.79 42.89 0.07 -99.84 

4 30.32 0.06 -99.82 32.67 0.05 -99.84 

5 26.55 0.04 -99.84 24.83 0.04 -99.84 

6 24.45 0.03 -99.87 19.36 0.03 -99.84 

7 24.47 0.25 -98.96 22.25 0.22 -98.99 

8 22.46 0.21 -99.06 19.69 0.19 -99.03 

9 21.43 0.15 -99.30 14.82 0.13 -99.11 

10 48.04 0.15 -99.70 64.20 0.13 -99.80 

11 40.55 0.11 -99.72 49.71 0.10 -99.79 

12 33.53 0.08 -99.75 35.97 0.08 -99.78 

13 30.06 0.07 -99.78 28.26 0.06 -99.78 

14 26.16 0.05 -99.81 22.38 0.05 -99.78 

15 23.91 0.04 -99.84 17.49 0.04 -99.79 

16 22.44 0.32 -98.57 18.18 0.28 -98.43 

17 20.51 0.27 -98.69 16.24 0.24 -98.50 

18 19.39 0.19 -99.01 12.55 0.17 -98.64 

19 45.60 0.16 -99.65 47.00 0.14 -99.70 

20 39.04 0.13 -99.68 37.30 0.11 -99.70 

21 34.07 0.09 -99.73 32.78 0.08 -99.74 

22 30.52 0.07 -99.76 26.30 0.07 -99.74 

23 26.46 0.06 -99.79 20.53 0.05 -99.75 

24 24.07 0.04 -99.82 16.74 0.04 -99.76 
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Table 7.7 Comparision of  prediction by Iwamura et al. (1986) model against measured 

value of transerverse resistance coefficient in two phase diversion cross flow 

                     Subchannel 1-2                    Subchannel 3-2 

S.

no 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

1 60.92 16.38 -73.11 -41.97 68.65 16.29 -76.26 -33.08 

2 41.87 20.15 -51.87 59.99 20.26 -66.22 

3 33.70 21.49 -36.24 42.89 21.66 -49.49 

4 30.32 21.22 -30.03 32.67 21.41 -34.48 

5 26.55 19.76 -25.57 24.83 20.00 -19.43 

6 24.45 17.62 -27.94 19.36 17.82 -7.99 

7 24.47 26.11 6.69 22.25 26.31 18.26 

8 22.46 23.70 5.55 19.69 23.89 21.35 

9 21.43 17.19 -19.81 14.82 17.29 16.64 

10 48.04 10.62 -77.89 64.20 10.62 -83.46 

11 40.55 13.94 -65.62 49.71 13.94 -71.97 

12 33.53 15.50 -53.76 35.97 15.62 -56.56 

13 30.06 15.89 -47.13 28.26 16.05 -43.19 

14 26.16 15.46 -40.90 22.38 15.67 -29.95 

15 23.91 14.07 -41.14 17.49 14.20 -18.81 

16 22.44 20.35 -9.33 18.18 20.54 12.93 

17 20.51 18.78 -8.46 16.24 18.96 16.80 

18 19.39 14.42 -25.62 12.55 14.51 15.62 

19 45.60 6.38 -86.01 47.00 6.33 -86.53 

20 39.04 8.69 -77.74 37.30 8.73 -76.59 

21 34.07 12.52 -63.26 32.78 12.61 -61.52 

22 30.52 13.14 -56.94 26.30 13.28 -49.53 

23 26.46 12.85 -51.46 20.53 13.03 -36.53 

24 24.07 12.13 -49.62 16.74 12.21 -27.08 
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The results indicate that kawahara et al. (2007) and Iwamura et al. (1986) predict 

significantly less compared to measured values.  

In addition to it, model is proposed for transverse resistance coefficient given by equation 

(7.6) is also compared against present experimental data and found that it predicts quite 

accurately as shown in Table 7.8.  

Table 7.8  Comparision of  present model against experimental data of subchannel 1-2 

and subchannel 3-2.  

                     Subchannel 1-2                    Subchannel 3-2 

S.

no 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

Measured 

value 

Predicted 

value 

Error 

% 

Average 

error % 

1 60.92 40.05 -34.25 -2.16 68.65 39.03 -43.15 4.49 

2 41.87 37.76 -9.83 59.99 36.92 -38.45 

3 33.70 34.76 3.14 42.89 34.18 -20.32 

4 30.32 32.38 6.78 32.67 31.78 -2.72 

5 26.55 29.21 10.01 24.83 28.79 15.96 

6 24.45 26.30 7.55 19.36 25.60 32.23 

7 24.47 18.28 -25.31 22.25 16.88 -24.14 

8 22.46 15.97 -28.88 19.69 14.97 -23.96 

9 21.43 11.90 -44.47 14.82 10.79 -27.19 

10 48.04 40.75 -15.18 64.20 39.75 -38.09 

11 40.55 38.80 -4.30 49.71 38.10 -23.35 

12 33.53 36.12 7.73 35.97 35.55 -1.17 

13 30.06 33.99 13.09 28.26 33.41 18.23 

14 26.16 31.14 19.03 22.38 30.85 37.87 

15 23.91 28.38 18.69 17.49 27.69 58.31 

16 22.44 21.27 -5.24 18.18 19.85 9.19 

17 20.51 18.97 -7.55 16.24 17.94 10.50 

18 19.39 14.83 -23.51 12.55 13.64 8.71 
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19 45.60 41.38 -9.26 47.00 40.40 -14.05 

20 39.04 39.67 1.62 37.30 38.77 3.93 

21 34.07 36.96 8.49 32.78 36.38 10.99 

22 30.52 34.99 14.67 26.30 34.41 30.83 

23 26.46 32.22 21.76 20.53 31.66 54.22 

24 24.07 29.70 23.37 16.74 29.01 73.28 

 

7.5 Closure 
 
 
In this chapter, results of single phase and two phase cross flow for AHWR rod bundle 

are discussed. The cross flow resistance coefficient decreases with increase in ratio of 

cross flow velocity to the axial velocity both in single and two phase flow condition. Also 

the cross flow resistance coefficient in two phase flow is higher as compared to single 

phase flow. An assessment of existing models against present experimental data has been 

carried out and found that none of these models predict cross flow resistance coefficient 

for AHWR rod bundle. In the view of this, a new model applicable to AHWR has been 

presented which predicts cross flow resistance coefficient quite accurately. 
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CHAPTER 8 

 

CONCLUSION AND FUTURE WORK 
 
 

 

 

8.1 Conclusion 
 

In the present work, an inter-subchannel mixing phenomenon has been investigated in the 

subchannels of AHWR rod bundle due to its importance for reactor thermal margin and 

safety. An assessment of turbulent mixing models has been carried out and found that 

there is large discrepancy between predictions by models and existing experimental data 

relevant to conventional BWRs. This is because turbulent mixing phenomena are highly 

geometry and operating condition dependent. The average errors in existing models as 

compared to test data are found to be more than 1000 %. Because of large error in the 

models, a new model for turbulent mixing was proposed from first principle. The model 

could predict within average error of ± 4% for all the test data available for triangular-

triangular, square-square, rectangular-rectangular subchannel array. The model was 

tested even for steam-water high pressure data and found that it can predict within 

average error of ± 9.94 %. However, the AHWR rod bundle is completely different from 

conventional BWRs. In addition being a natural circulation BWR, the flow velocity in the 

subchannel can vary over a wide range unlike that of conventional BWRs. The existing 
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test data and models applicable to conventional BWRs, are not applicable to AHWR 

condition. This has necessitated measurement in 1:1 condition of AHWR rod bundle and 

develops AHWR specific models can later use for AHWR thermal margin and safety 

analysis. 

Study of inter-subchannel mixing phenomena for AHWR rod bundle gives important 

conclusion which are enlisted here 

 

I. Single phase turbulent mixing 

1. The turbulent mixing rate increase with increase in flow velocity in the subchannel.  

2. The turbulent mixing rate between subchannels is higher for higher S/δ and vice versa. 

3. The capability of existing correlations to predict the measured single phase turbulent 

mixing rate and found that none of these correlations are able to predict measured 

turbulent mixing rate accurately. 

4.  An empirical model is derived based on these experimental data and found that there 

is good agreement i.e. ± 7% between predicted and measured values. 

 

II. Two phase turbulent mixing 

1. The liquid phase turbulent mixing rate is more or less constant up to average void 

fraction of 0.3 which is in bubbly flow regime, and then increases and reaches to a 

maximum at void fraction equal to 0.55 which is in slug-churn flow regime; afterwards it 

decreases till it reaches void fraction equal to 0.8. 
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2. The gas phase turbulent mixing rate increases with increase in average void fraction 

and reaches maximum at void fraction equal to 0.65.Afterwards, it decreases till it 

reaches void fraction equal to 0.8.  

3. The turbulent mixing rate between subchannels is nearly same for two phase flow 

conditions unlike that in single phase flow condition. The reason behind is that two phase 

fluctuation is more as compared to single phase flow due to bubble induced turbulence 

which homogenizes the turbulent mixing rate. 

4. The test data were compared with existing models. It was found that existing models 

could not predict the measured turbulent mixing rate in the rod bundle of AHWR. 

5. Also capability of present model is evaluated to predict the measured two phase 

turbulent mixing rate. It was found that the present models could predict the measured 

turbulent mixing rate in the rod bundle of reactor within range (average error) of ± 2 %. 

 

III. Void drift  

1. Significant amount of void drift is observed to the subchannel having more open area. 

2. The variation in equilibrium and non-equilibrium void fraction is insignificant with 

respect to liquid superficial velocity. 

3. The difference in equilibrium and non-equilibrium void fraction of individual 

subchannel is found to be less in bubbly flow regime and is more in slug-churn flow 

regime. 

4. The void diffusion coefficient is more or less constant or little increases with increase 

in average void fraction up to α≈0.45. After void fraction α≈0.45, there is a steep increase 

in void diffusion coefficient with increase in average void fraction increases. 
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5. The capability of existing correlation is checked to predict the measured equilibrium 

void fraction. The test data were compared with existing models in literature. It was 

found that existing models could predict the measured equilibrium void fraction in the 

rod bundle of reactor within range (average error) of +8 % to -14 %. 

 

IV Diversion cross flow 

 

1. The cross flow resistance coefficient decreases with increase in ratio of cross flow 

velocity to the axial velocity both in single and two phase flow condition. 

2.  Also cross flow resistance coefficient in two phase flow is higher as compared to 

single phase flow.  

3. It is well correlated with ratio of cross flow velocity to the axial velocity both in single 

and two phase flow condition.  

 

In addition to above, our results indicates that  

i. The turbulent mixing and void drift both are found to be dependent on void fraction and 

flow regimes even for low mass flux condition typical to AHWR geometry. 

 ii. The magnitude of turbulent mixing rate and diffusion coefficient is found to be higher 

for AHWR subchannels geometry compared to conventional BWRs geometry for the 

same mass flux.  

iii. Also the magnitude of turbulent mixing rate and diffusion coefficient found to be 

increase with increase in superficial liquid velocity. 
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8.2 Future Work 
 

A rigorous study has been performed to investigate inter-subchannel mixing phenomena 

i.e. turbulent mixing, void drift and diversion cross flow for AHWR rod bundle which 

include assessment of models, experiments performed for subchannel analysis and  

develop model for the same. However no research is fully complete and gives future 

direction. Some important points enlisted here  

1. The experiment was performed for AHWR rod bundle with no spacer. However 

literature suggests spacers enhances mixing between subchannels. So experiment can 

perform including spacer which is important to predict CHF accurately. 

2. This experiment is performed with water and air as working fluid to scale up steam 

water system. It is interesting to know the effect of heating on mixing between 

subchannels of AHWR rod bundle. 

3. The computer code like COBRA can be modified by introducing models so developed 

for inter-subchannel mixing for AHWR rod bundle. 

4. Local measurement of turbulent mixing, void drift and diversion cross flow is also 

important for subchannel mixing phenomena. So experiment can perform to measure 

turbulent mixing, void drift and diversion cross flow locally in the rod bundle by using 

advance technique 
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APPENDIX 1 
 

Carlucci et al. (2003) model 

Carlucci et al. (2003) developed a model based on the principle that total phasic turbulent 

mixing rate is sum of homogenous turbulent mixing rate and incremental turbulent 

mixing rate. 

The total liquid turbulent mixing rate is given by 

' ' '
,hom ,l l l tphW W W= + ∆

                           (1) 

where       

( )' '
,hom hom1lW x W= −

                 (2) 

The total gas turbulent mixing rate is given by 

' ' '
,hom ,g g g tphW W W= + ∆

                (3) 

where 

' '
,hom homgW xW=

                (4) 

The homogenous turbulent mixing rate is calculated from following equation 

0.9

hom hom
hom hom

wb

w

S GD
W a

d
µ

µ
  =   

                  (5)
 

aw and bw are constant. For triangular geometry aw = 0.0018 and bw = -0.4 and square or 

rectangular geometry aw =0.005 and bw =0.106. 

 The homogenous dynamic viscosity is given by

     

 

 

          (6) 

1

hom

1

g l

x xµ
µ µ

−
 −= +  
 
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In this model, incremental turbulent mixing rate equation was obtained by fitting the data 

of Walton (1969), Singh (1972), and Rudzinski (1970) for triangular and square array 

subchannel geometry, which is given by following equation 

For liquid phase 

2

.

0.53
0.0515exp 0.5

0.1794l tphW
α − ∆ = −  
   

             (7)

 

For gas phase 

( )( ){ }2

, 0.00264exp 8.332 ln 1 1.9412 0.75884g tphW α ∆ = − − −
             (8) 

The above correlations are applicable for smooth bundles having no obstruction with low 

mass flux (100-2000 kg/m2s) and low pressure range (0.1-0.34 MPa). To show the effects 

of mass flux, pressure, obstruction (spacer) and gap spacing, Carlucci et al. (2003) 

modified above model by introducing various factors. The modified model is shown 

below
 

The total liquid turbulent mixing rate is given by 

' ' '
,hom ,l l l incW W W= +

                (9) 

where        

( )' '
,hom hom1l obsW F x W= −

              (10)
 

and  

'
, ,'

,
G P gap l tph

l inc
obs

F F W
W

F

∆
=

             (11) 
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The total gas turbulent mixing rate is given by 

' ' '
,hom ,g g g incW W W= +

              (12) 

where 

' '
,hom homg obsW F xW=

              (13) 

and 

'
, ,'

,
G P gap g tph

g inc
obs

F F W
W

F

∆
=              (14) 

The gap factor and obstruction factor is calculated by the following relation  

( )6 21.287 1 exp 1.5 10gapF S = − − × ×                 (15) 

and 

1 exp( )obs obs obs

z
F a k b

D
= + −

             (16) 

respectively. In the above equation, k is obstruction loss factor which is proportional to 

square of obstruction flow area to total flow area and aobs and bobs are constant and their 

values are given as 3.3 and 0.13 respectively. 

 

Bues (1972) model 

 

In Bues’ model, the total turbulent mixing rate is formulated for two regimes. A physical 

model is developed for the first region i.e. bubbly-slug region and it is combined with an 

empirical fit for the second region i.e. annular region  

In bubbly-slug regime, the turbulent mixing rate is given by 



 

173 
 

'
, 1

1
' l

I l sph
g

AG s
W W B x

D s

ρ
ρ

−   = +    
                (17) 

where the single phase liquid turbulent mixing rate is given by 

0.9
,' 0.0035 Rel sph l lW µ=               (18) 

The empirical constant is expressed as
 

1.5

1 0.04
S

B
D

 =  
                 (19) 

The slip ratio 

1

1
l

g

x
s

x

ρα
α ρ
−= ⋅ ⋅

−               (20) 

The peak mixing is assumed to take place at a quality px which is given by 

0.5

0.5

0.4{ ( ) } 1
0.6

0.6

l l g
p

l

g

gD
x

G

ρ ρ ρ

ρ
ρ

 −
= + × 

     
 +               (21) 

Substituting x=xp in equation (17), then the peak mixing rate is expressed as 

'
, 1

1
'

p

l
p l sph p

x xg

AG s
W W B x

D s

ρ
ρ =

−   = +    
   

           (22) 

In annular flow regime, the turbulent mixing rate is given by 

 ( )
0

' ' ' '
, ,

0

1
p

II g sph p g sph

p p

x

x
W W W W

xx

x x

  
−     = + −    −    
  

           (23) 

The single phase gas turbulent mixing rate is given by  

 
0.9

,' 0.0035 Re ;g sph g gW µ=              (24) 
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The empirical parameter is expressed as  

0.04170 0.57 Re
p

x

x
=

              (25)  

According to Lahey and Moody (1993), the turbulent mixing of q-phase in a two phase 

flow is given by 

'
,q q gap q

tph

W S
l

ερ α  =  
 

               (26) 

Therefore we can write, the turbulent mixing of liquid in a two phase flow is given by 

( )' 1l l
tph

W S
l

ερ α  = −  
 

               (27) 

and the turbulent mixing of gas in a two phase flow is given by 

'
g g

tph

W S
l

ερ α  =  
                (28)

 

For finding out the liquid turbulent mixing rate and gas turbulent mixing rate from the 

total turbulent mixing rate, Kawahara et al. (2000) derived the velocity fluctuation of two 

phase from this model which are as follows 

The velocity fluctuation of two phase for first region is given by 

, ,

l
l

I tph l sphtphl l

ρε ε θ
ρ

   =   
                 (29) 

where the velocity fluctuation of single phase is expressed as 

0.9

,

0.0035 Rel l

l sph ll S

µε
ρ

  = 
                (30)  
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The mean two phase density is given by 

( )1tph g lρ ρ α ρ α= + −
             (31) 

The multiplier is expressed as
 

( ),

1
1 1 ;

1
p

l p l
x x p

s s x

s s x
θ θ

=

 −  = + −  −               (32) 

where 

'

, '
,

p
p l

l sph

W

W
θ =

               (33) 

The velocity fluctuation of two phase for second region is given by 

, ,

l
g

II tph g sphtphl l

ρε ε θ
ρ

   =   
                 (34) 

where the velocity fluctuation of single phase due to turbulent mixing is given by  

0.9

,

0.0035 Reg g

g sph gl S

µε
ρ

  = 
               (35) 

 

The multiplier θg is given by   

( )
0

,

0

1

1 1
p

g p g

p p

x

x

xx

x x

θ θ

  
−     = + −    −    
               (36) 
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Kazimi and Kelly (1983) model. 

Kazimi and Kelly’s model is based on Bues’ model which shows dependence of mixing 

rate on flow regimes. They proposed a correlation   between the velocity fluctuation due 

to two phase turbulent mixing and the velocity fluctuation due to single phase turbulent 

mixing which are as follows. 

tph sphl l

ε ε θ   =   
                  (37) 

where θ is the two phase multiplier which depend on quality are as follows 

If 0 px x< < then ( )
0

0

1

1 1
p

p

p p

x

x

xx

x x

θ θ

  
−     = + −    −    
             (38) 

and if 0 px x< < then ( )1 1p
p

x

x
θ θ

 
= + −   

                (39) 

In equation 37, the empirical parameter is calculated from following relation  

0.04170 0.57 Re
p

x

x
=

              (40) 

and value of  θp is taken as equal to 5

 
The correlation for velocity fluctuation due to single phase turbulent mixing rate is given 

by Roger and Rosehart (1972) 

0.11
Re 1 .

2
j i i

sph i

D D G

l D d

ε λ
ρ

−    = +  
                (41) 

where 
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1.46

0.0058
S

d
λ

−
 =  
                (42) 

 

Kawahara et al. (2000) model 

Kawahara et al. deduced a model for slug churn flow regime. In this model, the liquid 

phase turbulent mixing rate is the sum of three independent component mixing rate due to 

turbulent diffusion, convective transfer and pressure difference as given by 

' ' ' '
, , ,l l td l ct l pdW W W W= + +

             (43) 

For turbulent mixing rate due to turbulent diffusion and convective transfer, Kawahara et 

al. modified Sadatomi et al. model for the single phase turbulent mixing by multiplying 

( )1 α− which are as follows 

( )
1

'
, 1ji

l TD l
Dli Dli

FF
W ρ α

ε ε

−∗∗ 
= + −  

              (44) 

where the subchannels geometry factor for square or rectangular geometry is given by 

( ) ( )
1

22

1
tan

4
11

i

p p
d dF

pp
dd

π θ∗ −

 
 + 

= +  
 − −
             (45) 

and the subchannel geometry factor for triangular geometry is given as  
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( )
( )

( )

1

1 1

2 2

1
1 tan sin

2 3
1

sin tan
2 3

1 1
i

p
p d

dp p
d dF

p p
d d

−

∗ − −

   
   +           = − +      − −   
 
         (46)

 

 

According to Elder (1959), the turbulent diffusivity of liquid is given by 

0.040Rel Dli
li i

l

f
ρ ε

µ
=

             (47) 

where Reynolds number and friction factor are given by  

Re ;l li i
li

l

u Dρ
µ

=
              (48)

 

1
li

li

j
u

α
=

−                (49) 

and  

0.250.079Rei lif −=               (50) 

For convective transfer 

( )'
, 1l ct ct lW SGβ α= −

              (51) 

For square geometry, Stanton number is given as
 

0.52

0.0018ct

S

d
β

−
 =  
                (52) 

For triangular geometry, Stanton number is given as
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1.86

0.000023ct

S

d
β

−
 =  
               (53) 

The turbulent mixing rate due to pressure difference fluctuation is given as 

( )( )' '2
1 l

lpd l RMS
l

W S P
K

ρρ α= − ∆∑
            (54) 

 

 

The RMS value of pressure difference fluctuation is given as 

( )' '2 1 ;RMS RMSP Pγ∆ = −
             (55) 

The value of the correlation coefficient γ  depends on number of gap and flow pattern. In 

slug churn region, the mean value of γ  for 1-centre gap was equal to 0.97, for 2-side gap 

was equal to 0.92, for 3 gap was equal to 0.97. 

 The RMS value of static pressure difference fluctuation is  

' '
,2.3RMS pipe RMSP P=

              (56) 

where
 

' 5 4 3 2
, 38 51 22 7.6 0.28 0.10pipe RMSP α α α α α= − + − + − +

                               (57) 

Proportionality constant Kl calculated by following formula
 

For 1-center gap:  

( )6 1.58
1 0.71 10 1 Rel C lPDK α −= × −

            (58) 

For 2-side gap:    

 ( )6 1.58
2 1.93 10 1 Rel S lPDK α −= × −              (59) 

For 3-gap: 
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( )6 1.58
3 1.18 10 1 Rel S lPDK α −= × −

            (60)  

If size is different from the channel used in the experiment than Kl  is calculated by 

following relationships 

( )9 1.41 1.584.0 10 1 Rel lPDK Sα −= × −
            (61) 

 

 

The Reynolds number is given as 

( )
,

2
Re

l l pd
l pd

l

S Vρ

µ
=

%

              (62) 

where the lateral fluctuating velocity is given as 

( )
'
,l pd

l

l

W
V

Sρ
=

∑
%

               (63)

 

Calculation of '
,l pdW  requires an iterative method because Kl   is a function of Reynolds 

number which again depends on',l pdW . 

For predicting the gas phase turbulent mixing, they assumed that both gas phase turbulent 

mixing and liquid phase turbulent mixing are related to each other. In this model, the 

axial gas volumetric fraction β  was related by lateral gas volumetric fractionβ% ,  which 

are as follows 

( ) ( ) ( ) ( ) ( )4 3 2
1 4.10 1 6.85 1 2.36 1 0.61 1β β β β β− = − − + − − − + −%

        (64) 

The axial gas volumetric fraction β  is given as
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g

g l

j

j j
β =

+                (65) 

The lateral gas volumetric fraction β%  

;g

g l

V

V V
β =

+

%
%

% %
               (66)

 

where 

( )
'

l
l

l

W
V

Sρ
=

∑
%

               (67) 

and  

( )
'

g
g

g

W
V

Sρ
=

∑
%

              (68) 

 

APPENDIX 2 
 

Incorporation of gap and centroidal distance between subchannels: 

As discussed in 5.5.1, the equation for liquid mixing number in two phase flow can be 

represented by 

 

, ,l mix l gc lN F K= ×                              (1) 

 

Where 

 

Re
la

l l mixK C  =                 (2) 
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The equation of gap to centroid factor for liquid mixing rate can be expressed as best fit 

by  

( )
1

, 1
,

a

l gc liq

N
l mix

K
l

S
F C β

δ
    = =         

               (3) 

 

The coefficient (C1) and exponent (a1) were obtained by the test data of present 

subchannel experiments of plotted on dimensionless gap to centroid factor against 

combined gap to centroidal distance ratio and volumetric liquid fraction against 

combined gap to centroidal distance ratio and volumetric liquid as shown in Figure 1 (a), 

1 (b), and 1 (c)..  

    

                 (a) 0≤ α ≤0.3      (b) 0.3 ≤ α ≤0.55 
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(c) 0.55 ≤ α ≤0.8 

Figure 1 The coefficient C1 and exponent a1 for various subchannel geometry in liquid 

phase mixing rate  

As discussed in 5.5.2, the equation for gas phase can be represented by  

, ,g mix g gc gN F K= ×             (4) 

 

where 

ln(Re )
ga

g g gas mixK C β = ×             (5) 

 

The equation of gap to centroid factor for gas mixing rate can be expressed as best fit by 

 

( )1

, 1
, liq

S
a

g gc

N
g mix

K
g

F C e
β

δ
 ×  
 

 
= = × 
 
 

                     (6) 

 

The coefficient (C1) and exponent (a1) were obtained by the test data of present 

subchannel experiments plotted on dimensionless gap to centroid factor against combined 
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gap to centroidal distance ratio and volumetric liquid fraction as shown in Figure 2 (a), 2 

(b),  

         

                     (a) 0.3 ≤ α ≤0.65     (b) 0.65 ≤ α ≤0.8 

Figure 2 The coefficient C1 and exponent a1 for various subchannel geometry in gas 

phase mixing rate 

 

(ii) Modeling of pressure effect 

As discussed in 5.5.1 and 5.5.2, the effect of pressure is represented by the following 

expression 

. .

. .

n

H T
p

R T

F
σ
σ
 

=  
 

               (7) 

Where n=2 is the best fit for pressure correction factor 

σH.T.= surface tension at high temperature at a corresponding saturation pressure, 

σR..T.= surface tension at reference temperature i.e. ambient temperature at a 

corresponding saturation pressure. 

The pressure factor for ambient condition reduces to one as surface has same value in 

numerator and denominator. 
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APPENDIX 3 
 
 
Uncertainty analysis 
 
The uncertainty in the experimental data has been determined by standard error analysis 

method described by Bevington and Robinson (2003). The method for error analysis is as 

follows: 

 If R is a function of x and y, written as R(x,y), then the uncertainty in R is obtained by 

taking the partial derivatives of R with respect to each variable, multiplication with the 

uncertainty in that variable, and addition of these individual terms in quadrature (i.e. 

square, added and then square rooted) 

 
( , )R R x y=                                                                                                                  (1) 

22

....
R R

R x y
x y

 ∂ ∂ ∂ = ∂ + ∂ +  ∂ ∂                                                                                  (2) 
 
 

(i) Error analysis of single phase turbulent mixing  

The measurement error in volumetric flow rate for water is ± 2% and volumetric flow 

rate for air rotameter is ± 1%. The measurement error in concentration is ± 2 %. Based on 

the measured data, the error in estimated turbulent mixing rate in single phase flow is 

found to be ± 6.2 %. 
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(ii) Error analysis of two phase turbulent mixing  

The measurement error in volumetric flow rate for water is ± 2% and volumetric flow 

rate for air rotameter is ± 1%. The measurement error in concentration is ± 3%. Based on 

the measured data, the error in estimated liquid and gas turbulent mixing rate in two 

phase flow is found to be ± 7.5 % and ± 5.25. 

 

(iii) Error analysis of void drift  

The measurement error in volumetric flow rate for water is ± 2% and volumetric flow 

rate for air rotameter is ± 1%. Based on the measured data, the error in estimated void 

diffusion coefficient by void settling model (Lahey and Moody (1993)) and void fraction 

by Chisholm correlation (1973) is found to be ± 0.1% and ± 4.15% respectively. 

 

(iv) Error analysis of diversion cross flow 

The measurement error in volumetric flow rate for water is ± 2% and volumetric flow 

rate for air rotameter is ± 1%. The accuracy of differential pressure transmitters is ± 

0.2%. Based on the measured data, the error in estimated transverse resistance coefficient 

in single phase flow and two phase flow is found to be ± 2.25 % and ± 3.15% 

respectively. 
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