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ARTICLE INFO ABSTRACT

Keywords: Void drift between subchannels in a rod bundle is a crucial phenomenon affecting the calculation accuracy of
Rod bundle subchannels thermal-hydraulic parameters in SMRs. It holds significant importance in enhancing the precision of safety
Void drift

analysis for SMRs. Existing research on experiment and model of void drift between rod bundle subchannels is
relatively rare, and the accuracy of model calculations requires improvement. In this study, experiments on gas-
liquid two-phase non-equilibrium flow were conducted to measure the redistribution of two-phase flow induced
by void driftin a 1 x 2 rod bundle. The experiment results indicated that in bubby flow regime with void fraction
less than 0.3, the void diffusion coefficient showed little variation with changes in void fraction. However, in slug
flow and annular flow regimes with void fraction exceeding 0.3, the void diffusion coefficient significantly
increased with an increase in void fraction. Furthermore, a new void drift model was developed and validated
based on a subchannel code. The overall predicted uncertainty for the outlet void fraction in the rod bundle
benchmark was less than 13%.

Void fraction
Flow regime

1. Introduction

A small modular reactor (SMR) such as small pressurized water re-
actors or small boiling water reactors, that is characterized by its
reduced size, increased flexibility, and higher adaptability compared to
traditional reactors [1-3]. SMRs such as ACPR50S, ACPR100S, ACP25S,
and ACP100S have a similar rod bundle structure with traditional re-
actors, but higher safety is anticipated, so there is a requirement for
development of refined models [4]. The subchannel model constitutes a
classical approach for thermal-hydraulic safety analysis [5-7], positing
that, in addition to axial main flow, there exist processes such as lateral
transport, mixing, and exchange of momentum, mass, and energy be-
tween adjacent subchannels [8]. Among these processes, void drift oc-
curs as a result of gas-liquid two-phase flow striving to reach an
equilibrium state, causing bubbles to migrate between adjacent sub-
channels. This process is accompanied by the exchange of mass, mo-
mentum, and energy between subchannels.

In the past, various scholars have conducted experimental studies on

redistribution of void fraction caused by void drift [9-19] in rod bundle.
Research indicated that void (either steam or gas) tended to migrate
towards regions with relatively less flow resistance. Lahey et al. [10]
observed that in Boiling Water Reactor (BWR), the flow quality in the
central subchannels was much higher than in the corner and edge sub-
channels. This suggested the presence of a thick liquid film on the
channel walls, while gas showing an apparent affinity for more open
subchannels. In terms of modeling, Lahey and Moody [9-11] initially
proposed a model called the "Void Settling Model". Later, Sadatomi [16]
conducted experiments on void drift in two and multiple vertically
aligned subchannels to improve the void drift model in subchannel
analysis programs. The study also investigated the influence of channel
arrangement and void fraction on void drift. It was concluded that the
void drift phenomenon exhibits a subchannel size effect, with the void
diffusion coefficient in triangularly arranged rod bundle channels being
significantly smaller than in square arrangements. Kawahara et al. [20,
21], in experiments involving non-equilibrium two-phase flow of gas
and water in triangularly arranged rod bundle channels, explored the
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impact of reducing surface tension on void drift. Based on a
one-dimensional two-phase flow model, subchannel programs were
used to predict flow and void redistribution. It was found that incor-
porating constitutive equations for wall friction and interface friction
into the void drift model to account for the effect of reduced surface
tension was effective for existing data.

Due to the complexity of the two-phase flow field in the subchannels
and limitations in two-phase flow measurement techniques, there is a
relative scarcity of research on void drift in experiments and models.
Actually, in most subchannel analyses, the void diffusion coefficient is
not carefully calculated, and in the void settling model, it is only roughly
considered. Moreover, these models do not account for the influence of
flow regimes. Considering these challenges, experiments were con-
ducted experiments on non-equilibrium gas-liquid two-phase flow to
measure the redistribution of the gas-liquid flow caused by void drift
between twin channels. Based on the obtained void diffusion co-
efficients, a novel new void drift model was developed. Also, The model
was preliminarily validated based experimental results retrieved from
rod bundle benchmark, offering support for enhancing the accuracy of
thermal-hydraulic safety analyses in SMRs.

2. Experimental System
2.1. Experimental loop and test section

The experimental loop for void drift is illustrated in Fig. 1,
comprising a water supply system, an air supply system, a test section,
and a data acquisition system. An electromagnetic flowmeter is
employed to measure the water flow rate, while a gas mass flowmeter is
used to measure the air flow rate. Data acquisition is conducted through
NI9220. The maximum uncertainty in flow rate measurement in the
experiment is 3.20% for water, and 3.31% for air. To reduce the un-
certainty of lateral mass flow generated by void drift, gas mass flow-
meter 3 was calibrated using gas mass flowmeter 2 as a reference.

Several scholars have compared numerical simulations with experi-
mental analysis and concluded that the flow field analysis results ob-
tained from 1 x 2 rod bundle subchannels computational model agree
well with the experimental results in the central channel of a 5 x 5 rod
bundle [22-24]. To simplify the experiment, the test section adopted in
this study is a dual-subchannel configuration. The cross-sectional
structure, as shown in Fig. 2, has a pitch-to-diameter ratio of 1.326
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Fig. 1. Schematic diagram of the experimental system.
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Fig. 2. Schematic diagram of cross-sectional structure of void drift section.

and a hydraulic diameter of 8.98 mm. The test section consists of an inlet
section (axial height 1000 mm), a void drift section (axial height 70
mm), and an outlet section (axial height 930 mm). There are thin fins
placed between the two subchannels in both inlet and outlet sections,
and the void drift section has non-fins as depicted in Fig. 2. Pressure
sensors are evenly distributed at the inlet and outlet of the void drift
section to monitor the transverse pressure difference between the inlet
and outlet.

2.2. Experimental procedure and operating conditions

The experimental process consists of the pre-experimental prepara-
tion and formal experimentation. The specific steps are described as
follows :

Pre-experimental preparation.

1) Check the airtightness of the loop and ensure the pump is functioning
properly.

2) Measure and record the conductivity and temperature of the water.

3) Measure and record the temperature of the air.

Formal Experimentation.

1) Open the water valve and air valve to fill subchannel 1 with water
and subchannel 2 with a mixture of air and water.

2) Adjust the opening of the inlet water valve to achieve a 1:1 water
flow rate ratio between the two subchannels.

3) Adjust the opening of the outlet valve and the frequency of the
variable frequency pump to maintain a zero transverse pressure
difference between the two subchannels at the entrance and exit of
the test section (It should be noted, in reality, the difference of the
transverse pressure difference was controlled to be less than 50 Pa).
At the same time, ensure that the water and air flow rates reach the
predetermined operating conditions.

4) Once the conditions are stable, record the flow rates of water and air
at the inlet and outlet.

5) Repeat step 3, adjusting the water and air flow rates according to the
operating conditions.

The experimental matrix consists of a total of 34 sets of operating
conditions, with gas phase superficial velocity (j;) ranging from 0.10 to
3.00 m/s, liquid phase superficial velocity (j;) ranging from 0.35 to 1.00
m/s, and average void fraction (a) ranging from 0.04 to 0.5.

2.3. Void fraction measurement method

In this study, the drift flow model is used to calculate the void
fraction, which is mainly calculated by the superficial velocity of gas
phase and liquid phase obtained by experiment. Firstly, express the gas
phase velocity as the sum of the mixture’s superficial velocity and the
local drift velocity of the gas phase. Therefore:

Ve=j+ Vy )

Therefore, for the superficial velocity of the gas phase j:
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je=aVy=aj+a(V, —)) (2

Taking the average of this equation across the cross-section, we
obtain:
{ii} ={a}t +{a(v, —j)} ®)

Note that the second term on the right-hand side is defined in terms
of the drift velocity. Physically, it represents the rate at which the gas
phase passes through a unit area (orthogonal to the channel’s axial di-
rection) with a velocity j. The superficial velocity of the gas phase can
then be obtained from equation (3):

{e} = Co{a{j} + {a}Va
The distributed parameter Cp in the equation is defined as:
{o}
Cy = -
" H{a )

The effective drift velocity is defined as:

{a(ve i)}
{a}
The void fraction a can be obtained based on Equation (4):

e}

4

()

Vy = 6)

{a} =

T Colj} + Vy 7

3. Development of a new void drift model

According to the assumptions about void drift phenomenon by Lahey
and Moody [9-11], void drift between subchannels in the rod bundle
induces a convergence of the two-phase flow fields in the interacting
subchannels towards an equilibrium state. As illustrated in Fig. 3, when
there exists a disparity between the distribution of void fraction (ao-a1)
in the interacting subchannels 1 and 2 and the distribution at equilib-
rium state (ag-a1)gq, void drift leads to an exchange between sub-
channels 1 and 2 through the gap. The mass flow rate of gas phase
induced by void drift can be expressed as follows:

(Waor'?)
N

12

Gup = =p Do (00— @) ~ (@2 — ar) ] ®

W’ZzulVD = (Voo — V21)/)KA /L ©)

WYB; is the gas phase mass exchange flow rate per unit axial length
induced by void drift, S;, is the gap between subchannels, Gyp, is the gas
phase mass exchange flow rate induced by void drift, pg is the gas phase
density. Dyp represents the void diffusion coefficient, characterizing the
gas phase mass exchange rate between adjacent subchannels caused by
void drift, similar to a gas phase diffusion coefficient induced by void
drift.a; and ay represent the void fraction of the two interacting sub-
channels, respectively , (az-a;) is the difference in void fraction
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Fig. 3. Schematic representation of void drift phenomenon.
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between the interacting subchannels in the current condition; (a2 -a1))kq
is the distribution of void fraction in the two interacting subchannels
under equilibrium conditions. Vy is the inlet gas phase superficial flow
velocity for subchannel 2, Vy; is the outlet gas phase superficial flow
velocity for subchannel 2.

In this study, a fully symmetrical dual-subchannel configuration was
employed. It can be assumed that under equilibrium condition, the void
fraction in the two subchannels tends to be equal, meaning that (a2
-a1)gq tends towards zero. Therefore, under given operating conditions,
the experimentally obtained Gyp, a; and a», combined with p; and S;»,
allow for the determination of the void diffusion coefficient Dy for
those conditions. A higher void diffusion coefficient Dyp indicates a
more pronounced lateral exchange between adjacent subchannels due to
the void drift phenomenon.

Among the conducted 34 operating conditions, the average void
fraction of the 1 x 2 rod bundle ranges from 0 to 0.55, covering typical
flow regimes such as bubbly, slug, and annular flows. Typically, flow
regimes are considered bubbly when the void fraction is less than 0.3,
and slug or annular when it exceeds 0.3. Fig. 4 depicts the variation
trend of the void diffusion coefficient Dy, with the average void fraction
Qayg. It can be observed that the inter-subchannel void drift is a lateral
mixing phenomenon closely associated with the two-phase flow
regimes.

Although the experimental data exhibits some scattering, it is still
evident that in the bubbly flow regime with a void fraction below 0.3,
the void diffusion coefficient shows little variation with changes in void
fraction. However, in the slug and annular flow regimes with a void
fraction exceeding 0.3, the void diffusion coefficient increases markedly
with increasing void fraction. When the void fraction is raised from 0.3
to 0.5, the void diffusion coefficient increases by approximately an order
of magnitude.

Based on the experiment data, empirical correlations for the void
diffusion coefficient are separately fitted in a piecewise manner for the
bubbly flow regime and the slug/annular flow regime. These correla-
tions are functions of the average void fraction of interacting sub-
channels. Specifically, in the bubbly flow regime where the average void
fraction is less than 0.3, the correlation is represented by the red fitted
line in Fig. 4, which is given as:

Dyp =5.593 X g +0.9265 10)

In contrast, in the slug and annular flow regimes where the average
void fraction exceeds 0.3, the correlation is represented by the blue
fitted line in Fig. 4, which is given as:

n(Dyp) =9.6014 X @4y, — 1.966 an

It should be noted, Equation (10) is applicable for void fraction
ranging from 0.04 to 0.3, while Equation (11) is applicable for void
fraction within the range of 0.3-0.5. Both empirical correlations are
valid for a 1 x 2 rod bundle configuration with P/d = 1.326, d, = 8.98
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Fig. 4. Trend of void diffusion coefficient with average void fraction.
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mm, and under operating conditions where the gas phase superficial
velocity (jg) ranges from 0.10 to 3.00 m/s, and the liquid phase super-
ficial velocity (j;) ranges from 0.35 to 1.00 m/s.

4. Preliminary validation of the new void drift model based on
rod bundle benchmark cases

This study employed a subchannel analysis code to perform valida-
tion calculations of the new void drift model, using experimental data
provided by the rod bundle benchmark cases as a foundation.

4.1. Preparation and compilation of data from rod bundle benchmark
cases

The accuracy of the void drift model directly impacts the precision of
subchannel analysis code in calculating local thermal-hydraulic pa-
rameters of rod bundle subchannels. Therefore, the local thermal-
hydraulic parameters of rod bundle subchannels provided by measure-
ments in the rod bundle benchmark cases are the foundation for vali-
dating the void drift model. In this study, the chosen benchmark cases
are retrieved from the ISPRA rod bundle benchmark, which comprises
two rod bundle test sections: the PELCO-S rod bundle test section
simulating a typical boiling water reactor, and the EUROP rod bundle
test section simulating a typical pressurized water reactor. For this
research, only test cases obtained through the EUROP test section at
typical PWR pressure levels (~160 bar) are selected for validating the
void drift model.

The EUROP test section consists of a 4 x 4 square array of fuel rods,
with an outer diameter of 10.75 mm and a rod-to-rod spacing of 14.3
mm (pitch-to-diameter ratio 1.330). The total axial length of the EUROP
test section is 3660 mm, with seven supporting grids without mixing
vane evenly spaced along the axial direction. In all the test conditions,
both the axial and radial power distributions of the fuel rods are uni-
formly distributed.

Fig. 5 provides a cross-sectional schematic of the EUROP test section,
where subchannels are categorized into six different types based on their
specific positions within the bundle, represented by Arabic numerals in
Fig. 5. Given the specified inlet average bundle mass flow rate, inlet
bundle average temperature, and heating power, measurements were
taken simultaneously at the outlet of five characteristic subchannels (as
indicated in the shaded area in Fig. 4). At the outlet of these five char-
acteristic subchannels, enthalpy and mass flow rate were measured, and
the equilibrium gas void fraction of each subchannel was determined
using the calorimetric method. To ensure steady-state conditions under
predefined thermal-hydraulic boundary conditions and minimize mea-
surement errors, sampling and measurement of subchannel outlet
enthalpy and mass flow rate were carried out only after the entire
experimental loop had been running continuously for several hours to
achieve a stable state. According to the technical report of the ISPRA
benchmark, the estimated maximum measurement error for subchannel
mass flow rates and enthalpies is about 3%. Among the five sampled

Fig. 5. Schematic Diagram of the Cross-Sectional Structure of the EUROP Rod
Bundle Test Section Used in the ISPRA Benchmark Cases (The shaded area in-
dicates five sampling subchannels utilized for flow rate and enthalpy
measurements).
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subchannels, there are three types: corner subchannel (labeled as #2),
wall subchannels (labeled as #1 and #3), and center subchannels
(labeled as #4 and #5).

4.2. Implementation and initial validation calculations of the new void
drift model

This study selected approximately 130 two-phase flow conditions
with consistent outlet pressure (~160 bar), average bundle mass flow
rate ranging from 2500 to 3500 kg/m?s, average inlet void fraction
between —0.40 and —0.26, and average outlet void fraction between
—0.05 and 0.20. These conditions were employed for the initial vali-
dation using the EVVD void drift model within the subchannel analysis
code. Table .1 summarizes the key constitutive models within the sub-
channel code used for validation calculations, including pressure drop
models, void fraction correlations, and lateral inter-subchannel mixing
models. The void drift model selected void diffusion coefficients devel-
oped in this study that were applicable to different flow regimes.

The experimental measurement data for the rod bundle benchmark
cases includes the subchannel outlet mass flow rate and the relative
enthalpy rise in the subchannel. Table .2 summarizes the average ratio
(P/Mayg) of predicted values (P) to measured values (M) for different
types of subchannels (including corner, wall, and center subchannels). It
is observed that with the implementation of the new void drift model,
the uncertainty in the subchannel analysis code’s calculation of local
thermal-hydraulic parameters for subchannels is less than 13%.

5. Conclusion

This study conducted experiment and model study on void drift be-
tween rod bundle subchannels, leading to the following conclusions.

(1) In the bubbly flow regime with a void fraction below 0.3, the void
diffusion coefficient showed little variation with changes in void
fraction. However, in the slug and annular flow regimes with a
void fraction exceeding 0.3, the void diffusion coefficient
increased markedly with increasing void fraction. When the void

Table 1
Key constitutive models used for validation calculations.

Pressure 0.184-Re %2

Single-Phase
Turbulent
Friction
Coefficient
Drop Two-Phase
Friction
Multiplier
Model Support Grid 0.944
Pressure Drop
Coefficient
Void Subcooled
Boiling Void
Fraction
Saturated
Boiling Void
Fraction
Cross-Flow 0.5

Armand Model [25]

Levy Model [26]

Fraction Corrected Armand Model [27]

Correlation

Lateral Inter-

Subchannel Resistance

Mixing Coefficient

Model Single-Phase 0.005
Turbulent
Mixing
Coefficient
Two-Phase
Turbulent
Mixing
Multiplier
Void Drift Dyp = 5.593 X ayg +0.9256(0.04 < a < 0.3)
Model In(Dyp) = 9.6014 X agy — 1.966(0.3 < a < 0.5)

Beus Model [28]
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Table 2
Accuracy of the new void drift model in predicting rod bundle outlet parameters.

Nuclear Engineering and Technology 56 (2024) 3330-3334

Corner Subchannel Wall Subchannel

Center Subchannel

Relative Enthalpy Rise Outlet Mass Flow Rate

Relative Enthalpy Rise

Outlet Mass Flow Rate Relative Enthalpy Rise Outlet Mass Flow Rate

P/Mayg 0.878 0.923 0.981

0.969 1.086 1.018

fraction was raised from 0.3 to 0.5, the void diffusion coefficient
increased by approximately an order of magnitude.

(2) Utilizing the existing subchannel code, combined with literature
and experimental data, an improved void drift model was
developed and validated. The overall predicted uncertainty for
the outlet void fraction in the rod bundle benchmark was less
than 13%.
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