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1. INTRODUCTION 

Subchannel-based computer codes are routinely used to assess the thermalhydraulic behaviour of fuel 
assemblies in nuclear reactors [1-3]. Such assessments are important, particularly in determining the CHF 
(Critical Heat Flux), which limits the maximum thermal power that can be extracted from the fuel for a 
given set of thermalhydraulic operating conditions. These codes solve the 1D (one-dimensional) 
conservation equations of mass momentum and energy for each interconnected subchannel. Interactions 
leading to the intersubchannel exchange of mass, energy and momentum are modelled as semi-empirical 
source terms to the 1D equations. The key mechanisms associated with these interactions are generally 
accepted to be as follows [4-6]: 

1) Single- and two-phase diversion cross-flow. Directed flow caused by a net transverse pressure 
difference between adjacent subchannels. Lateral pressure differences can result from different 
subchannel hydraulic diameters, heat flux distributions and gradual and abrupt changes in flow areas 
caused, for example, by element bowing and spacer grids, respectively. 

2) Single- and two-phase turbulent mixing. This is a result of random turbulent flow and pressure 
fluctuations. It can be further classified as natural or forced. Natural turbulent mixing occurs 
continuously between smooth interconnected subchannels. Forced turbulent mixing results from the 
non-directional flow scattering caused by local flow obstructions such as bundle junctions, spacers, 
bearing pads, and grids. Mixing caused by non-directional flow scattering is in addition to any 
directed, diversion cross-flow caused by the obstruction if it is non-symmetric (i.e., more obstruction 
in one subchannel than in the other). Under single-phase flow conditions, density differences between 
interconnected subchannels at different temperatures are negligible and thus there is a net transfer of 
thermal energy from the higher- to the lower-temperature subchannel, but negligible mass transfer. 
Under two-phase conditions, the turbulent fluctuations of the liquid and gas phases can result in a net 
mass transfer, in addition to a net energy transfer between two interconnected subchannels having 
different void fractions. 

3) Two-phase void drift. This is due to the tendency of the vapour phase to redistribute itself to a 
preferred "equilibrium" void distribution [5]. In a bundle comprising subchannels of different sizes 
and shapes the "equilibrium" void fraction in the larger subchannels tends to be higher than in the 
smaller ones. This has been observed in both low-pressure, adiabatic air-water conditions [7] and 
high-pressure, diabatic steam-water conditions [8,9]. 

4) Two-phase gravity-induced buoyancy drift in horizontal channels. This results from the tendency of 
the lighter gas phase to move upwards with respect to the heavier liquid phase. The net effect is an 
increase in void fraction with height in the lateral direction. It can be important at the lower mass 
fluxes encountered in off-normal CANDU reactor conditions. 
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1. INTRODUCTION

Subchannel-based computer codes are routinely used to assess the thermalhydraulic behaviour of fuel
assemblies in nuclear reactors [1-3].  Such assessments are important, particularly in determining the CHF
(Critical Heat Flux), which limits the maximum thermal power that can be extracted from the fuel for a
given set of thermalhydraulic operating conditions.  These codes solve the 1D (one-dimensional)
conservation equations of mass momentum and energy for each interconnected subchannel.  Interactions
leading to the intersubchannel exchange of mass, energy and momentum are modelled as semi-empirical
source terms to the 1D equations.  The key mechanisms associated with these interactions are  generally
accepted to be as follows [4-6]:

1) Single- and two-phase diversion cross-flow.  Directed flow caused by a net transverse pressure
difference between adjacent subchannels.  Lateral pressure differences can result from different
subchannel hydraulic diameters, heat flux distributions and gradual and abrupt changes in flow areas
caused, for example, by element bowing and spacer grids, respectively.

2) Single- and two-phase turbulent mixing.  This is a result of random turbulent flow and pressure
fluctuations.  It can be further classified as natural or forced.  Natural turbulent mixing occurs
continuously between smooth interconnected subchannels.  Forced turbulent mixing results from the
non-directional flow scattering caused by local flow obstructions such as bundle junctions, spacers,
bearing pads, and grids.  Mixing caused by non-directional flow scattering is in addition to any
directed, diversion cross-flow caused by the obstruction if it is non-symmetric (i.e., more obstruction
in one subchannel than in the other).  Under single-phase flow conditions, density differences between
interconnected subchannels at different temperatures are negligible and thus there is a net transfer of
thermal energy from the higher- to the lower-temperature subchannel, but negligible mass transfer.
Under two-phase conditions, the turbulent fluctuations of the liquid and gas phases can result in a net
mass transfer, in addition to a net energy transfer between two interconnected subchannels having
different void fractions.

3) Two-phase void drift.  This is due to the tendency of the vapour phase to redistribute itself to a
preferred “equilibrium” void distribution [5].  In a bundle comprising subchannels of different sizes
and shapes the "equilibrium" void fraction in the larger subchannels tends to be higher than in the
smaller ones.  This has been observed in both low-pressure, adiabatic air-water conditions [7] and
high-pressure, diabatic steam-water conditions [8,9].

4) Two-phase gravity-induced buoyancy drift in horizontal channels. This results from the tendency of
the lighter gas phase to move upwards with respect to the heavier liquid phase.  The net effect is an
increase in void fraction with height in the lateral direction.  It can be important at the lower mass
fluxes encountered in off-normal CANDU reactor conditions.



All of the above mechanisms affect the lateral distributions of phasic energy (enthalpy) in both single- and 
two-phase flow, and phasic density or void fraction in two-phase flow. These in turn affect the CHF 
location and magnitude, the axial pressure drop, the extent of void generation before CHF, and post-dryout 
(PDO) heat transfer. It is thus important to understand these mechanisms and to accurately quantify their 
behaviour. 

Following a review of available data and models for single- and two-phase turbulent mixing, new 
relationships were developed to treat intersubchannel turbulent mixing in a unified way under both single-
and two-phase flow conditions. These models, together with an available relation for void drift, were 
implemented in the ASSERT-PV subchannel thermalhydraulics code [1], and assessed using a range of 
data on enthalpy migration in vertical flow under BWR and PWR conditions. The intent of this assessment 
was to optimize these relationships to give the best agreement with the enthalpy migration data for vertical 
flows. The optimized turbulent mixing relationships were then used to improve the treatment of buoyancy 
drift in horizontal flows typical of CANDU reactor normal and off-normal conditions. 

This paper presents the new relationships, together with selected results of the optimization and 
assessment. 

2. TURBULENT MIXING AND VOID DRIFT 

2.1 Single-Phase Turbulent Mixing 

A recent, comprehensive state-of-the-art review carried out by Rehme [10] indicates that the mechanisms 
governing intersubchannel turbulent mixing in single-phase flow are generally well understood. Numerous 
correlations and models developed over the last 40 years indicate that single-phase turbulent mixing is a 
function of axial Reynolds number, Re, and geometry, with the latter characterized by the gap-to-diameter 
ratio, S/d, and tube arrangement, which determines subchannel type (i.e., triangular-triangular subchannels, 
square-square, and triangular-square). The various relationships for the single-phase turbulent mixing rate 

per unit length, w , can be recast in terms of a mixing factor, Y, which can be interpreted as the ratio of 
gap diffusivity, c, to a reference diffusivity, Er, normally taken as that at the centre of a circular pipe 
[10,11] 
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where Ay and p are the centroidal distance and fluid density respectively. The magnitude of the mixing 
factor is significantly greater than one, indicating that mixing in the gap is greater than that in the centre of a 
pipe for the same Reynolds number, and tends to increase with decreasing gap-to-diameter ratio [10]. 
There is a consensus that the high mixing rate in the gap is due to macroscopic pulsations of flow in the 
gap, and not to secondary flows in the vicinity of the gap, as previously thought [10]. Despite the good 
understanding of the governing mechanisms, the available relationships tend to give a wide range of mixing 
rates for the same nominal Reynolds number and geometry. This is attributed to differences in geometric 
tolerances of the test sections, differences in measurement techniques, disturbances of the flow field by 
grid spacers (where used) and probes, and by inadequate development lengths [10]. The presence of 
upstream obstructions such as grid spacers will generally result in higher mixing rates than obtained with 
smooth subchannels, with the magnitude of the increase dependent on the degree of flow area blockage by 
the obstruction. 

All of the above mechanisms affect the lateral distributions of phasic energy (enthalpy) in both single- and
two-phase flow, and phasic density or void fraction in two-phase flow.  These in turn affect the CHF
location and magnitude, the axial pressure drop, the extent of void generation before CHF, and post-dryout
(PDO) heat transfer.  It is thus important to understand these mechanisms and to accurately quantify their
behaviour.

Following a review of available data and models for single- and two-phase turbulent mixing, new
relationships were developed to treat intersubchannel turbulent mixing in a unified way under both single-
and two-phase flow conditions.  These models, together with an available relation for void drift, were
implemented in the ASSERT-PV subchannel thermalhydraulics code [1], and assessed using a range of
data on enthalpy migration in vertical flow under BWR and PWR conditions.  The intent of this assessment
was to optimize these relationships to give the best agreement with the enthalpy migration data for vertical
flows.  The optimized turbulent mixing relationships were then used to improve the treatment of buoyancy
drift in horizontal flows typical of CANDU reactor normal and off-normal conditions.

This paper presents the new relationships, together with selected results of the optimization and
assessment.

2. TURBULENT MIXING AND VOID DRIFT

2.1 Single-Phase Turbulent Mixing

A recent, comprehensive state-of-the-art review carried out by Rehme [10] indicates that the mechanisms
governing intersubchannel turbulent mixing in single-phase flow are generally well understood.  Numerous
correlations and models developed over the last 40 years indicate that single-phase turbulent mixing is a
function of axial Reynolds number, Re, and geometry, with the latter characterized by the gap-to-diameter
ratio, S/d, and tube arrangement, which determines subchannel type (i.e., triangular-triangular subchannels,
square-square, and triangular-square).  The various relationships for the single-phase turbulent mixing rate
per unit length, 'w , can be recast in terms of a mixing factor, Y, which can be interpreted as the ratio of
gap diffusivity, ε, to a reference diffusivity, εr, normally taken as that at the centre of a circular pipe
[10,11]
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where ∆y and ρ are the centroidal distance and fluid density respectively.  The magnitude of the mixing
factor is significantly greater than one, indicating that mixing in the gap is greater than that in the centre of a
pipe for the same Reynolds number, and tends to increase with decreasing gap-to-diameter ratio [10].
There is a consensus that the high mixing rate in the gap is due to macroscopic pulsations of flow in the
gap, and not to secondary flows in the vicinity of the gap, as previously thought [10].  Despite the good
understanding of the governing mechanisms, the available relationships tend to give a wide range of mixing
rates for the same nominal Reynolds number and geometry.  This is attributed to differences in geometric
tolerances of the test sections, differences in measurement techniques, disturbances of the flow field by
grid spacers (where used) and probes, and by inadequate development lengths [10].  The presence of
upstream obstructions such as grid spacers will generally result in higher mixing rates than obtained with
smooth subchannels, with the magnitude of the increase dependent on the degree of flow area blockage by
the obstruction.



2.2 Two-Phase Turbulent Mixing 

In general, both the level of understanding and the supporting data on two-phase mixing are significantly 
less than for single-phase flow [12]. Virtually all mixing experiments have been conducted under adiabatic 
conditions in air-water at low pressures (0.1-0.34 MPa) over the mass-flux range of 100-2000 kg/m2/s [13-
17]. The diabatic, steam-water experiments of Rowe and Angle [18] are the only ones that provide mixing 
data at more realistic pressure (2.8 and 5.2 MPa) and mass flux (1060-4070 kg/m2/s) conditions. 
However, these still fall short of CANDU reactor normal operating conditions, which are nominally at 10 
MPa with mass fluxes up to 7000 kg/m2/s. Nonetheless, although there is a great deal of scatter in the 
measured mixing rates, results from these experiments provide a number of useful observations, which can 
be used as a basis to develop improved models and correlations compared to those that are currently 
available. The following are some of the important points: 

Two-phase mixing is a strong function of flow regime (Figure 1). The liquid mixing rate starts at the 
single-phase value, reaches a maximum in the slug/churn regime and monotonically decreases beyond 
the slug/churn-annular transition. The gas mixing rate starts near-zero values at low qualities, reaches a 
maximum near the slug/churn-annular transition and decreases to the single-phase gas value as 100% 
quality is approached. Maximum phasic mixing rates are about one order of magnitude greater than 
their corresponding single-phase values. 
When normalized by their respective axial flow-rates, phasic mixing rates decrease with increasing 
mass flux, with the extent of the decrease being a function of both mass flux and system pressure. 
Phasic mixing rates are relatively insensitive to gap spacing at values above — 1.5 mm, but tend to 
decrease with decreasing gap spacing at levels below this value. 
Array geometry (i.e., triangular or square arrangements) does not appear to affect two-phase mixing in 
a systematic way. 
Low-pressure air-water experiments have shown that the mixing rate of the liquid correlates well with 
the RMS value of the instantaneous pressure difference between interconnected subchannels [17]. 
This, together with visual observations of the movement and interaction of liquid slugs between the 
interconnected subchannels, suggests that the increased level of mixing in two-phase flow compared to 
single-phase flow is caused by fluctuating transverse pressure differences that result from the non-
synchronous movement of liquid and gas slugs in the interconnected subchannels. 

On the basis of the above observations, and additional considerations on the effects of flow obstructions 

when present, the following new relationships for w; and wg , the liquid and gas-phase mixing rates per 

unit length were developed: 
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The correlation forms defined by Equations (2.2) and (2.3) were chosen on the assumption that when the 
two-phase flow is homogeneous, the total gas and liquid mixing rate can be adequately estimated from the 
single-phase flow relationship based on the use of the homogeneous viscosity. Hence, the parameters 

Awl Zip and A wglp can be interpreted as the additional (or incremental) two-phase mixing components of 

the liquid and gas phases above the corresponding homogeneous flow values, resulting from flow-regime 
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The correlation forms defined by Equations (2.2) and (2.3) were chosen on the assumption that when the
two-phase flow is homogeneous, the total gas and liquid mixing rate can be adequately estimated from the
single-phase flow relationship based on the use of the homogeneous viscosity.  Hence, the parameters
∆wl ,

'
2ϕ  and ∆wg,

'
2ϕ  can be interpreted as the additional (or incremental) two-phase mixing components of

the liquid and gas phases above the corresponding homogeneous flow values, resulting from flow-regime



enhancement effects due to the inhomogeneous nature of the flow (e.g., the movement of non-
synchronous slugs in pairs of interconnected subchannels). 

The obstruction factor Fobs, is introduced to account for additional mixing above the homogeneous value 
caused by flow obstructions such as spacer grids and end plates. It is assumed to increase the 
homogeneous component of mixing and to decrease the incremental component, since obstructions are 
expected to homogenize the flow downstream. Since two-phase flow data is lacking, it is based on the 
observations of heat transfer and the decay of turbulence downstream of obstructions under single-phase 
flow conditions [19,20]. The following relation was developed for this study: 

z- 

F obs =1+  a obsk exp bobs , 
a h __I 

(2.4) 

where k and z are the obstruction loss coefficient and downstream distance from the obstruction, 
respectively, dh is the hydraulic diameter, and the recommended values of the constants aobs and bobs are 
3.3 and 0.13. 

The gap factor, F gap, is introduced to account for the reduction in two-phase mixing rates with decreasing 
gap. It is given by: 

F gap = 1 .287[1 — exp( 1.511106 S2 )] (2.5) 

The mass flux and pressure-dependent factor FG,p is based on simplified criteria for the transition from 
slug/churn to the dispersed bubbly flow regime [21], and is designed to account for the decrease in mixing 
rates at higher mass fluxes and pressures [18]. The following form was developed for this study: 

where: 

F Gp = eXp[— a Gx (bGx — Min(b Gx , R G,p r] (2.6) 
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In the above, dc is maximum stable bubble size necessary to maintain dispersed bubbly flow, dcBrE, is the 

Brodkey [22] expression for the critical bubble size above which the bubble is deformed, and dcB is the 
critical bubble size above which migration of bubbles to the upper part of a horizontal or inclined pipe 
occurs. In general, there will be a tendency to remain in the dispersed bubbly flow regime as long as 

turbulence levels are high enough to keep dc less than either dcBDr or dcB. The variation of FG,P with mass 

flux and system pressure is illustrated in Figure 2, using recommended values of 11.0 and 0.9 for aG,P and 
bGP, respectively. 
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where k and z are the obstruction loss coefficient and downstream distance from the obstruction,
respectively, dh is the hydraulic diameter, and the recommended values of the constants aobs and bobs  are
3.3 and 0.13.
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The mass flux and pressure-dependent factor FG,P is based on simplified criteria for the transition from
slug/churn to the dispersed bubbly flow regime [21], and is designed to account for the decrease in mixing
rates at higher mass fluxes and pressures [18].  The following form was developed for this study:

( )( )[ ]2
,,,,, ,minexp PGPGPGPGPG RbbaF −−= (2.6)

where:

( )CB
Br
CD

C
PG dd

d
R

,min, = (2.7)
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Brodkey [22] expression for the critical bubble size above which the bubble is deformed, and dCB is the
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The Rogers and Tahir relations [23] are used to define whom , the homogeneous flow mixing rate per unit 

length: 
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where G, d, x and p. are the mass flux, fuel element diameter, flow quality and dynamic viscosity, 
respectively, and the constants aw and bw are equal to 0.0018 and -0.4 for triangular arrays, and to 0.005 
and 0.106 for square arrays. The incremental phasic mixing rates are a fit to the low-pressure air-water 
data of Rudzinski and co-workers' [13 -1 5]: 
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The void fraction,a, was chosen instead of quality, to allow easier application of the correlations to higher 
pressures. The Chisholm correlation was used to calculate the void fractions from the flow qualities [24]. 
The level of agreement with the experimental data is illustrated in Figures 3 and 4, which clearly show that 
the liquid-phase mixing rate peaks at a void fraction of just over 50%, whereas the gas mixing rate peaks at 
a void fraction of just under 80%. Figure 5 shows that the new relationships, which are based on air-
water, together with the factors F gap and FG,p, are in good agreement with selected mixing data for diabatic 
steam-water conditions at higher pressures [18]. 

The phasic diffusion coefficients are calculated from the corresponding mixing rates using the following: 
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Figure 6 shows that the phasic diffusion coefficients differ both in magnitude and functional dependence. 
In general, the gas-phase diffusion coefficients are significantly higher than the liquid values at void fraction 
greater than 40%. 

1 This was done by first determining the experimental values of the incremental phasic mixing rates from the 
total values by subtracting the corresponding homogeneous components (using equation (2.8)), and then 
fitting the resulting data with the incremental mixing relationships (equations (2.9) and (2.10)) 
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where G, d, x and µ are the mass flux, fuel element diameter, flow quality and dynamic viscosity,
respectively, and the constants aw and bw are equal to 0.0018 and -0.4 for triangular arrays, and to 0.005
and 0.106 for square arrays.  The incremental phasic mixing rates are a fit to the low-pressure air-water
data of Rudzinski and co-workers1 [13-15]:
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The void fraction,α, was chosen instead of quality, to allow easier application of the correlations to higher
pressures.  The Chisholm correlation was used to calculate the void fractions from the flow qualities [24].
The level of agreement with the experimental data is illustrated in Figures 3 and 4, which clearly show that
the liquid-phase mixing rate peaks at a void fraction of just over 50%, whereas the gas mixing rate peaks at
a void fraction of just under 80%.  Figure 5 shows that the new relationships, which are based on air-
water, together with the factors Fgap and FG,P, are in good agreement with selected mixing data for diabatic
steam-water conditions at higher pressures [18].

The phasic diffusion coefficients are calculated from the corresponding mixing rates using the following:
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Figure 6 shows that the phasic diffusion coefficients differ both in magnitude and functional dependence.
In general, the gas-phase diffusion coefficients are significantly higher than the liquid values at void fraction
greater than 40%.

                                                

1   This was done by first determining the experimental values of the incremental phasic mixing rates from the
total values by subtracting the corresponding homogeneous components (using equation (2.8)), and then
fitting the resulting data with the incremental mixing relationships (equations (2.9) and (2.10))



2.3 Void Drift 

Void drift was modelled with the form used by Rowe et al. [2] to calculate the equilibrium void, a , in a 

given subchannel as a function of the corresponding hydraulic diameter, do  , and the cross-sectional 

averages of the void fraction, a , and hydraulic diameter, dh : 

a eo =a + a eqF G - a r1 d 
- d 

(2.13) 

The coefficient aeg, was determined in this study to be 0.85, from a re-examination of the air-water 
experiments of Sterner and Lahey [7]. Note that the factor FG,P is used since a non-uniform equilibrium 
void distribution corresponding to different subchannel sizes is assumed to disappear at high enough mass 
fluxes and system pressure when the two-phase flow structure is expected to become homogeneous. 

3. BUOYANCY DRIFT 

A Wallis-type relationship for the buoyancy drift velocity was developed and assessed. The new 
relationship was developed to account for two effects that are important when considering the buoyancy-
induced motion of the gas phase relative to the liquid phase in the lateral direction: the expected reduction 
of the magnitude of the bubble rise velocity as the mean bubble size approaches the width of the gap, and 
the expected reduction of the surface roughness of the liquid film in annular flow for a given mass flux as 
the system pressure is increased, resulting largely from a decrease in the gas-phase velocity. The reduction 
in the surface roughness is postulated to result in less obstruction of the narrow gap by the liquid film and 
hence in an increase in the relative gas velocity in the lateral direction. 

The form of the proposed relationship for Vgj, the buoyancy-drift velocity, is as follows: 

V, = F G),V ec,[1+ (A — 1)ja p(1 —a )bP 

where the rise velocity of a single bubble in a stagnant liquid phase, Vgjo is given by: 
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The above expressions for A are those proposed by Wallis [25] to account for the reduction of the bubble 
rise velocity in a small-diameter vertical tube, with the vessel diameter replaced by the gap width. Since 

2.3 Void Drift

Void drift was modelled with the form used by Rowe et al. [2] to calculate the equilibrium void, ieq,α , in a

given subchannel as a function of the corresponding hydraulic diameter, ihd , , and the cross-sectional

averages of the void fraction, α , and hydraulic diameter, hd :
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The coefficient aeq was determined in this study to be 0.85, from a re-examination of the air-water
experiments of Sterner and Lahey [7].  Note that the factor FG,P is used since a non-uniform equilibrium
void distribution corresponding to different subchannel sizes is assumed to disappear at high enough mass
fluxes and system pressure when the two-phase flow structure is expected to become homogeneous.

3. BUOYANCY DRIFT

A Wallis-type relationship for the buoyancy drift velocity was developed and assessed.  The new
relationship was developed to account for two effects that are important when considering the buoyancy-
induced motion of the gas phase relative to the liquid phase in the lateral direction:  the expected reduction
of the magnitude of the bubble rise velocity as the mean bubble size approaches the width of the gap, and
the expected reduction of the surface roughness of the liquid film in annular flow for a given mass flux as
the system pressure is increased, resulting largely from a decrease in the gas-phase velocity.  The reduction
in the surface roughness is postulated to result in less obstruction of the narrow gap by the liquid film and
hence in an increase in the relative gas velocity in the lateral direction.

The form of the proposed relationship for Vgj, the buoyancy-drift velocity, is as follows:

( )[ ] ( ) Pb
PgjPGgj aVFV α−Ξ−Λ+= 1110, (3.1)

where the rise velocity of a single bubble in a stagnant liquid phase, Vgj0 is given by:
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The above expressions for Λ are those proposed by Wallis [25] to account for the reduction of the bubble
rise velocity in a small-diameter vertical tube, with the vessel diameter replaced by the gap width.  Since



this effect is expected to dominate in the bubbly flow regime, the additional factor F., was introduced to 
ensure that the correction factor approaches a magnitude of one at the end of the bubbly flow regime. The 
additional factor is defined by: 
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where the labs, the void fraction at the bubble-slug transition, and the exponent, c are selected to give best 
agreement with data (see Section 5.2). The pressure-dependent coefficient and exponent are defined as 
follows: 
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In the above,cy is the surface tension, asa is the void fraction at the slug-annular transition and P„f is the 
reference system pressure. 

4. IMPLEMENTATION 

The above relationships for turbulent mixing and void drift were implemented in the ASSERT-PV code [1], 
which is based on the drift flux model of two-phase flow. Two methods of implementation were 
investigated: fully explicit and semi-implicit. In the fully explicit method, separate phasic diffusion 
coefficients were used to calculate the intersubchannel turbulent fluxes of mass, energy and momentum. 
These turbulent flux terms were included as explicit source terms in each governing equation. In the semi-
implicit method, only the components of the energy and momentum turbulent fluxes due to intersubchannel 
enthalpy and axial velocity gradients were based on separate phasic diffusion coefficients, and incorporated 
as explicit source terms in the corresponding conservation equation. The components of mass, energy and 
momentum transfer due to intersubchannel void gradients were based on a single "void" diffusion 
coefficient calculated from the total, liquid-plus-gas mixing rates. These were then incorporated into each 
conservation equation implicitly in the form of a lateral void diffusion velocity component of the relative 
velocity, Vr, which also includes the buoyancy drift component: 

Vr = Vg — V, = 
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this effect is expected to dominate in the bubbly flow regime, the additional factor Ξ was introduced to
ensure that the correction factor approaches a magnitude of one at the end of the bubbly flow regime.  The
additional factor is defined by:
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where the αbs, the void fraction at the bubble-slug transition, and the exponent, c are selected to give best
agreement with data (see Section 5.2).  The pressure-dependent coefficient and exponent are defined as
follows:
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In the above,σ is the surface tension, αsa is the void fraction at the slug-annular transition and Pref  is the
reference system pressure.

4. IMPLEMENTATION

The above relationships for turbulent mixing and void drift were implemented in the ASSERT-PV code [1],
which is based on the drift flux model of two-phase flow.  Two methods of implementation were
investigated: fully explicit and semi-implicit.  In the fully explicit method, separate phasic diffusion
coefficients were used to calculate the intersubchannel turbulent fluxes of mass, energy and momentum.
These turbulent flux terms were included as explicit source terms in each governing equation.  In the semi-
implicit method, only the components of the energy and momentum turbulent fluxes due to intersubchannel
enthalpy and axial velocity gradients were based on separate phasic diffusion coefficients, and incorporated
as explicit source terms in the corresponding conservation equation.  The components of mass, energy and
momentum transfer due to intersubchannel void gradients were based on a single "void" diffusion
coefficient calculated from the total, liquid-plus-gas mixing rates.  These were then incorporated into each
conservation equation implicitly in the form of a lateral void diffusion velocity component of the relative
velocity, Vr, which also includes the buoyancy drift component:
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where Kw is the "void" diffusion velocity given by: 
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The incremental mixing factor CI, is introduced in anticipation of the optimization that follows when 
assessing the enthalpy migration data. The two methods yield virtually identical results. Hence, since the 
semi-implicit method is more robust, and is more easily accommodated into the ASSERT-PV framework, 
it was retained. 

5. ASSESSMENT 

Overall, ten data sets were assessed, eight on enthalpy migration in the outlet of selected subchannels in 
vertical flow [8,9,26-28], and two data sets on air-water void migration [29], and steam-water enthalpy 
migration in horizontal flow [30]. Table 1 lists key data on geometry and operating conditions. 

5.1 Vertical Flow 

The GE (General Electric) data on the uniformly heated 9-rod bundle, with low resistance grid spacers [9], 
was used to optimize the new mixing relationships via the incremental mixing factor, CI. Figure 7 indicates 
that a value of three for the incremental mixing factor results in the lowest mean errors of qualities and 
mass fluxes in the corner subchannel, and the corner, side and centre subchannels combined. RMS errors 
show similar trends. Consequently, this value was used in all subsequent assessments. 

A value of one, which indicates the use of the original relationships without any modification, clearly results 
in mean and RMS errors that are too high. This implies that the mixing rates required to yield the right 
levels of enthalpy migration due to combined void diffusion and void drift, are significantly higher then 
obtained from relationships based on data from liquid-to-liquid and gas-to-gas mass transfer experiments 
done with passive tracers. However, the good agreement obtained using a constant value of the 
incremental mixing factor, indicates that the degree of additional or incremental mixing above the value 
obtained assuming homogeneous flow, is a reasonable way to quantify the degree of void diffusion and 
void drift, when used in conjunction with the equilibrium void concept as characterized by the Rowe et al. 
model [2]. 

Table 2 summarizes mean and RMS errors between calculated and predicted qualities and mass fluxes for 
the various data sets. Selected comparisons between predicted and measured subchannel outlet qualities 
are illustrated in Figures 8 to 10. Overall, the performance of the new relationships is considered good, 
particularly in the prediction of qualities. Agreement with data using the new results is significantly better 
than obtained with an existing model for void diffusion [29] currently used in ASSERT-PV. 
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The incremental mixing factor Ω, is introduced in anticipation of the optimization that follows when
assessing the enthalpy migration data.  The two methods yield virtually identical results.  Hence, since the
semi-implicit method is more robust, and is more easily accommodated into the ASSERT-PV framework,
it was retained.

5. ASSESSMENT

Overall, ten data sets were assessed, eight on enthalpy migration in the outlet of selected subchannels in
vertical flow [8,9,26-28], and two data sets on air-water void migration [29], and steam-water enthalpy
migration in horizontal flow [30].  Table 1 lists key data on geometry and operating conditions.

5.1 Vertical Flow

The GE (General Electric) data on the uniformly heated 9-rod bundle, with low resistance grid spacers [9],
was used to optimize the new mixing relationships via the incremental mixing factor, Ω.  Figure 7 indicates
that a value of three for the incremental mixing factor results in the lowest mean errors of qualities and
mass fluxes in the corner subchannel, and the corner, side and centre subchannels combined.  RMS errors
show similar trends. Consequently, this value was used in all subsequent assessments.

A value of one, which indicates the use of the original relationships without any modification, clearly results
in mean and RMS errors that are too high.  This implies that the mixing rates required to yield the right
levels of enthalpy migration due to combined void diffusion and void drift, are significantly higher then
obtained from relationships based on data from liquid-to-liquid and gas-to-gas mass transfer experiments
done with passive tracers.  However, the good agreement obtained using a constant value of the
incremental mixing factor, indicates that the degree of additional or incremental mixing above the value
obtained assuming homogeneous flow, is a reasonable way to quantify the degree of void diffusion and
void drift, when used in conjunction with the equilibrium void concept as characterized by the Rowe et al.
model [2].

Table 2 summarizes mean and RMS errors between calculated and predicted qualities and mass fluxes for
the various data sets.  Selected comparisons between predicted and measured subchannel outlet qualities
are illustrated in Figures 8 to 10.  Overall, the performance of the new relationships is considered good,
particularly in the prediction of qualities.  Agreement with data using the new results is significantly better
than obtained with an existing model for void diffusion [29] currently used in ASSERT-PV.



5.2 Horizontal Flow 

Values of 2.2, 1.5, 0.35 and 4 for the parameters as,, by labs, and c (in Equations (3.1), (3.2) and (3.4)) 
were used and confirmed to be appropriate by examining predictions of selected Ecole Polytechnique air-
water data on axial void distribution at two mean outlet void fractions, a high value of —55%, and a low 
value of —20%. Figure 11 indicates that with these values, the gap-effect correction results in a reduction 
of the lateral bubble rise velocity only for the case with the low mean void fraction, thereby confirming the 
experimental trends. In general, good agreement between predicted and measured void fractions were 
obtained for the other operating conditions and configurations. 

The use of a constant coefficient and exponent in the modified Wallis-type model (agi= 2.2, ap = 1, by =b1= 
1.5)), with only gap effects accounted for (abs = 0.35, c = 4), generally gives good agreement with 
measured data at qualities of up to about 40%. Above 40% quality, and especially at higher pressures, the 
buoyancy drift effects are underestimated (i.e., predicted enthalpy migration from the lower to the upper 
subchannel is lower than measured). Figure 12 shows excellent agreement between predicted and 
measured outlet qualities using a pressure-dependent coefficient and exponent based on the following 
values for the constants in the buoyancy drift relation: agj= 2.2, abs = 0.35, c = 4, asa = 0.7, bi = 1.5 and 
bh = 0.6. 

6. CONCLUSIONS 

Generalized relationships for intersubchannel turbulent mixing and lateral buoyancy drift in horizontal 
channels have been developed to handle a wide range of conditions, including those typical of CANDU 
reactor normal operation. 

The relationships for turbulent mixing, together with a recommended one for void drift, have been 
implemented in a version of the ASSERT-PV subchannel thermalhydraulics code, and assessed using a 
range of data on enthalpy migration in vertical steam-water flows under BWR and PWR diabatic 
conditions. The intent of this assessment was to optimize these relationships to give the best agreement 
with the enthalpy migration data for vertical flows. The optimized turbulent mixing relationships were then 
used as a basis to benchmark a proposed buoyancy drift model to give the best predictions of void and 
enthalpy migration data in horizontal flows typical of CANDU reactor operation under normal and off-
normal conditions. 

Overall, the optimized mixing and buoyancy drift relationships have been found to predict the available data 
quite well, and considerably better than currently used models. This is expected to result in more accurate 
calculations of subchannel distributions of phasic flows, and hence, in improved CHF predictions. 
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buoyancy drift effects are underestimated (i.e., predicted enthalpy migration from the lower to the upper
subchannel is lower than measured).  Figure 12 shows excellent agreement between predicted and
measured outlet qualities using a pressure-dependent coefficient and exponent based on the following
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Table 1: Relevant geometry and operating conditions for data sets. 

Data Sets 

Rod 

Diam. 

(mm) 

Pitch 

(mm) 

Geometry 

Heate Flow 

d Area 

Length (cm2) 

(m) 

Gap 

(mm) 

Press. 

(MPa) 

Operating Conditions 

Mass Heat 

Flux Flux 

(kg/m2/s) (MW/m2) 

xavg,out 

la avg,outl 

(%) 

GE [8] 14.5 18.7 1.83 0.50 Cor. 4.3 int. 6.9 720 & 1460 0.7 to 2.1 3 to 32 
(3x3) 

uniform radial heat 
flux 

1.18 Side 
1.87 Cen. 

3.4 wall 

PELCO-S [9] 15.0 19.5 3.66 0.53 Cor. 4.5 int. 7.0 900 to 2000 0.1 to 0.8 2 to 32 
(4x4) 1.24 Side 3.4 wall 

2.05 Cen. 

EUROP [9] 10.75 14.3 3.66 0.38 Cor. 3.6 int. 7.0 1000 & 0.2 to 1.1 -17 to 24 
(4x4) 0.73 Side 2.9 wall 2000 

1.14 Cen. 
16.0 2200 to 0.7 to 1.1 -17 to 21 

3300 

Columbia [26] 14.3 18.7 3.66 0.51 Cor. 4.4 int. 6.9 680 to 2710 0.4 to 1.1 -16 to 8 
(4x4) 1.20 Side 3.5 wall 

1.91 Cen. 

Studsvik [27] 12.25 & 16.3 1.5 0.62/0.63 Cor. 4.1/4.2 int. 7.0 900& 2000 1.1 to 1.5 -6 to 14 
(3x3) 12.0 0.98/1.00 Side 

1.48/1.50 Cen. 
3.5/3.7 
wall 

PNL [28] 14.3 N/A 1.5 0.36 Tr. 2.1 6.2 1360 to 0 to 2.1 -35 to 34 
(2 sch) 1.11 Sq. 4100 

14.3 N/A 1.5 0.26 Tr. 0.5 6.2 1360 to 0 to 1.6 -22 to 26 
0.79 Sq. 4100 

AECL-CRL [30] 4.6 N/A 3.0 0.20 1.8 5.0, 7.5 & 1600 to 0 to 1.3 -35 to 60 
(2 sch) Equiv. 10.0 6000 

EP [29] 17.6 N/A 1.14* 1.16 Sq. 1.7 0.13 to 3000 0 [- 10 to 65] 
(2 sch) Equiv. 0.19 

* interconnected length 

Table 1:  Relevant geometry and operating conditions for data sets.

Data Sets Geometry Operating Conditions
Rod

Diam.
(mm)

Pitch
(mm)

Heate
d

Length
 (m)

Flow
Area
(cm2)

Gap
(mm)

Press.
(MPa)

Mass
Flux

(kg/m2/s)

Heat
Flux

(MW/m2)

xavg,out

[α avg,out]
(%)

GE  [8]
(3x3)

uniform radial heat
flux

14.5 18.7 1.83 0.50 Cor.
1.18 Side
1.87 Cen.

4.3 int.
3.4 wall

6.9 720 & 1460 0.7 to 2.1 3 to 32

PELCO-S [9]
(4x4)

15.0 19.5 3.66 0.53 Cor.
1.24 Side
2.05 Cen.

4.5 int.
3.4 wall

7.0 900 to 2000 0.1 to 0.8 2 to 32

EUROP [9]
(4x4)

10.75 14.3 3.66 0.38 Cor.
0.73 Side
1.14 Cen.

3.6 int.
2.9 wall

7.0 1000 &
2000

0.2 to 1.1 -17 to 24

16.0 2200 to
3300

0.7 to 1.1 -17 to 21

Columbia [26]
(4x4)

14.3 18.7 3.66 0.51 Cor.
1.20 Side
1.91 Cen.

4.4 int.
3.5 wall

6.9 680 to 2710 0.4 to 1.1 -16 to 8

Studsvik [27]
(3x3)

12.25 &
12.0

16.3 1.5 0.62/0.63 Cor.
0.98/1.00  Side
1.48/1.50 Cen.

4.1/4.2 int.
3.5/3.7
wall

7.0 900 & 2000 1.1 to 1.5 -6 to 14

PNL [28]
(2 sch)

14.3 N/A 1.5 0.36 Tr.
1.11 Sq.

2.1 6.2 1360 to
4100

0 to 2.1 -35 to 34

14.3 N/A 1.5 0.26 Tr.
0.79 Sq.

0.5 6.2 1360 to
4100

0 to 1.6 -22 to 26

AECL-CRL [30]
(2 sch)

4.6
Equiv.

N/A 3.0 0.20 1.8 5.0, 7.5 &
10.0

1600 to
6000

0 to 1.3 -35 to 60

EP [29]
(2 sch)

17.6
Equiv.

N/A 1.14* 1.16 Sq. 1.7 0.13 to
0.19

3000 0 [~ 10 to 65]

* interconnected length



Table 2: Summary of error statistics for BWR and PWR data sets. 

Data Set Location n Quality 

emean eRms 

Mass flux 

emean eRMS 

Studsvik Overall 76 -0.009 0.020 0.019 0.096 
(3x3) Rowl - H 19 -0.023 0.030 0.148 0.160 

Row2 - H 19 -0.019 0.026 -0.006 0.052 
Row3 - C 19 0.001 0.005 -0.041 0.065 
Row4 - C 19 0.005 0.007 -0.026 0.063 

Columbia Overall 80 -0.009 0.019 0.108 0.167 
(4x4) C-sch 40 0.004 0.007 0.020 0.046 

H-sch 40 -0.022 0.026 0.195 0.232 

GE Overall 39 0.001 0.019 -0.001 0.067 
(3x3) Cor. - sch 13 0.010 0.026 0.002 0.098 

Side - sch 13 0.002 0.015 -0.020 0.043 
Cen. -sch 13 -0.010 0.013 0.014 0.045 

PELCO-S Overall 844 0.006 0.017 0.062 0.168 
(4x4) Cor. - sch 211 0.008 0.024 0.300 0.316 

Side - sch 211 -0.004 0.011 -0.071 0.076 
Int. - sch 211 0.010 0.013 0.007 0.029 
Cen. - sch 211 0.009 0.017 0.007 0.057 

Europ -7 MPa Overall 245 -0.002 0.020 -0.029 0.082 
(4x4) Cor. - sch 49 -0.001 0.008 -0.156 0.164 

Side3 - sch 49 0.016 0.019 0.038 0.046 
Sidel - sch 49 -0.024 0.037 -0.051 0.064 
Int. - sch 49 0.000 0.007 0.017 0.023 
Cen. - sch 49 -0.001 0.012 0.006 0.023 

Europ-16 MPa Overall 1025 -0.009 0.020 -0.014 0.095 
(4x4) Cor. - sch 205 -0.018 0.024 -0.180 0.181 

Side3 - sch 205 -0.008 0.011 -0.043 0.045 
Sidel - sch 205 -0.026 0.030 0.029 0.036 
Int. - sch 205 0.007 0.011 0.042 0.043 
Cen. - sch 205 -0.001 0.014 0.083 0.085 

PNL - 0.5 mm Overall 56 -0.011 0.021 0.060 0.113 
(2 sch) Tr. - sch 28 -0.014 0.028 0.153 0.156 

Sq - sch 28 -0.008 0.011 -0.033 0.035 

PNL - 2.1 mm Overall 75 -0.001 0.017 0.016 0.071 
(2 sch) Tr. - sch 37 0.000 0.022 0.047 0.097 

Sq - sch 38 -0.002 0.010 -0.014 0.028 

j xc - xm i , for quality 

* e; = e -Gm 

00  
G .\7

, for mass flux 

n 

where enwan = - ei and emis = 
n j. 1

n 
2 ei 

Table 2:  Summary of error statistics for BWR and PWR data sets.

Data Set Location n Quality Mass flux
emean eRMS emean eRMS

Studsvik Overall 76 -0.009 0.020 0.019 0.096
(3x3) Row1 - H 19 -0.023 0.030 0.148 0.160

Row2 - H 19 -0.019 0.026 -0.006 0.052
Row3 - C 19 0.001 0.005 -0.041 0.065
Row4 - C 19 0.005 0.007 -0.026 0.063

Columbia Overall 80 -0.009 0.019 0.108 0.167
(4x4) C-sch 40 0.004 0.007 0.020 0.046

H-sch 40 -0.022 0.026 0.195 0.232

GE Overall 39 0.001 0.019 -0.001 0.067
(3x3) Cor. - sch 13 0.010 0.026 0.002 0.098

Side - sch 13 0.002 0.015 -0.020 0.043
Cen. -sch 13 -0.010 0.013 0.014 0.045

PELCO-S Overall 844 0.006 0.017 0.062 0.168
(4x4) Cor. - sch 211 0.008 0.024 0.300 0.316

Side - sch 211 -0.004 0.011 -0.071 0.076
Int. - sch 211 0.010 0.013 0.007 0.029
Cen. - sch 211 0.009 0.017 0.007 0.057

Europ -7 MPa Overall 245 -0.002 0.020 -0.029 0.082
(4x4) Cor. - sch 49 -0.001 0.008 -0.156 0.164

Side3 - sch 49 0.016 0.019 0.038 0.046
Side1 - sch 49 -0.024 0.037 -0.051 0.064
Int. - sch 49 0.000 0.007 0.017 0.023
Cen. - sch 49 -0.001 0.012 0.006 0.023

Europ-16 MPa Overall 1025 -0.009 0.020 -0.014 0.095
(4x4) Cor. - sch 205 -0.018 0.024 -0.180 0.181

Side3 - sch 205 -0.008 0.011 -0.043 0.045
Side1 - sch 205 -0.026 0.030 0.029 0.036
Int. - sch 205 0.007 0.011 0.042 0.043
Cen. - sch 205 -0.001 0.014 0.083 0.085

PNL - 0.5 mm Overall 56 -0.011 0.021 0.060 0.113
(2 sch) Tr. - sch 28 -0.014 0.028 0.153 0.156

Sq - sch 28 -0.008 0.011 -0.033 0.035

PNL - 2.1 mm Overall 75 -0.001 0.017 0.016 0.071
(2 sch) Tr. - sch 37 0.000 0.022 0.047 0.097

Sq - sch 38 -0.002 0.010 -0.014 0.028
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Figure 1: Variation of measured liquid and gas mixing rates with 
mass quality (air-water data of Rudzinski and co-workers [13-15]). 
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Figure 3: Comparison of predicted and measured incremental two-
phase mixing rates for liquid phase. 
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Figure 4: Comparison of predicted and measured incremental two-
phase mixing rates for gas phase. 
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mass quality (air-water data of Rudzinski and co-workers [13-15]).
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Figure 6: Variation of measured liquid and gas diffusion 
coefficients with void fraction (air-water data of Rudzinski and 
co-workers [13-15]). 

0.35 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

a. 

0 1,10 CD 
Sid 

0 

O 

40' 

• COmer c 
0 

O 

CeC°71mr_mC 
e a 

e 
o Centre_m 0 

- Avg 
0 0 

C9 

o 
t. 

o 
* 

41,  0 * 

0 0 
* .0.• 0 40, 

o 
O 

0.16 0.1 0.15 02 

Bundle Average Outlet Quality 

0.25 0.3 035 

Figure 8: Comparison between predicted (c) and measured (m) 
qualities in outlets of corner and centre subchannels of PELCO-S 
experiments. 

0

0.02

0.04

0.06

0.08

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Void Fraction

T
o

ta
l M

ix
in

g
 R

at
e 

(k
g

/m
/s

)
Measured  - 2.1 mm Gap

Predicted - 2.1 mm Gap

Measured - 0.5 mm Gap

Predicted - 0.5 mm Gap

Figure 5:  Comparison of Predicted and Measured liquid plus
vapour mixing rates for Rowe and Angle 2.1 mm and 0.5 mm gap
experiments at 2.8 MPa, 1356 kg/m2/s.

0.00001

0.0001

0.001

0.01

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Void Fraction

P
h

as
ic

 D
if

fu
si

o
n

 C
o

ef
fi

ci
en

t (
m

2 /s
)

Gas Phase
Liquid Phase

Figure 6:  Variation of measured liquid and gas diffusion
coefficients  with void fraction (air-water data of Rudzinski and
co-workers [13-15]).
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Figure 7:  Variation of mean errors with incremental mixing factor (GE
3x3 rod bundle experiment).
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Figure 8:  Comparison between predicted (c) and measured (m)
qualities in outlets of corner and centre subchannels of PELCO-S
experiments.
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Figure 12: Comparison of predicted (c) and measured (m) 
subchannel outlet qualities in of AECL-CRL twin-subchannel 
experiments in horizontal, steam-water flow (5 and 10 MPa). 
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Figure 12:  Comparison of predicted (c) and measured (m)
subchannel outlet qualities in of AECL-CRL twin-subchannel
experiments in horizontal, steam-water flow (5 and 10 MPa).


