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ABSTRACT

Critical flow is a phenomenon that occurs when the mass flow from an opening reaches a choked state, and
the downstream pressure does not affect the flow rate. This phenomenon is well understood in fluids that
do not undergo a phase change during rapid depressurization. It is crucial to understand critical flow for the
safe operation of nuclear power plants (NPP) and validated safety analysis modelling. Precise measurement
and modelling of two-phase critical flow (TPCF) at the break location are essential for designing reliable
emergency core cooling systems (ECCS) and containment safety systems. It is also necessary for advanced
reactor designs that rely on passive ECCS. In this work, simulations of TPCF are carried out using the
Apros system code and the ANSYS FLUENT CFD code. This paper compares numerical results gathered
pre-commission of the CRAFTY facility used for TPCF experiments at Lappeenranta-Lahti University of
Technology LUT University. This facility studies critical flow discharges during a primary-to-secondary
leak scenario caused by a guillotine break in a steam generator tube. The Apros simulations are based on a
6-equation model. The CFD simulations utilize the Eulerian-Eulerian two-fluid approach. Two different
discharge tube inner diameters, D=13 mm and 17 mm, are simulated. Several L/D ratios are studied. The
results reveal the critical pressure ratio at which two-phase critical flow conditions occur in tubes with
varying L/D ratios. The study offers valuable insights into the impact of L/D ratios on critical mass flow,
void fractions, pressures, and flow velocities.
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1.0 INTRODUCTION

Critical flow is when a choked mass flow rate from an opening is unaffected by downstream pressure [1].
Understanding critical flow is crucial for the safe operation of nuclear power plants (NPPs), and validated
modelling work is required in the safety analysis. During design-based accident scenarios, outflow from a
high-pressure environment to a low-pressure environment can lead to a critical or choked flow condition,
making the correct estimation and simulation of the flow rate significant. As NPPs operate in a high-
pressure environment, any failure of the high-pressure boundary can result in a critical flow situation. The
break mass flow rate affects the reactor coolant system's depressurisation rate, core heat transfer, and energy
transfer to the containment. Accurate discharging mass flow rate calculation is essential for designing ECCS
and containment safety systems. In advanced reactor designs, two-phase critical flow modelling is crucial
for safety analysis. PRISE's coolant loop leakage could release radioactive substances and lead to a radiation
leak into the atmosphere.
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In 2015, the FONESYS (Forum & Network of SYS-TH Codes in Nuclear Reactor Thermal-Hydraulics)
network conducted a study on the modelling of critical flow using several system codes. The study found a
significant difference between the predicted and steady-state benchmark results of the critical mass flow
rate. When the system approaches saturation conditions, the predictions made with a simple simulation
model that includes the upstream and downstream vessels can have relative errors as high as 40%. The
relative errors can be as high as 20%, even at high subcooling. Furthermore, the sensitivity analysis revealed
that different meshing approaches can lead to up to 10% relative errors [1]. A comprehensive literary survey
conducted by [2] on experimental state-of-the-art critical flow studies revealed a need for more
experimental investigations with L/D ratios above 200 for critical flow with standard PWR steam generator
tube sizes [2]. MacDonald et al. [3] indicated a need for experiments with large L/D ratios, where the test
section length should correspond to the full tube length (minus the tube sheet) in the extreme case. It is
worth noting that tube rupture is a double-ended break, which means that break flow at both ends needs to
be modelled.

This study showcases the numerical results of the pre-commissioning tests of the CRAFTY facility, which
is utilized for TPCF experiments at Lappeenranta-Lahti University of Technology (LUT University). The
study involved simulations of TPCF using two different inner diameters of the discharge tube, D=13 mm
and 17 mm, through the Apros system code and ANSYS FLUENT CFD code. The Apros simulations used
a 6-equation model, while the CFD simulations employed the Eulerian-Eulerian two-fluid approach. The
research provides valuable insights into the impact of L/D ratios on critical mass flow, void fractions,
pressures, and flow velocities.

2.0 CRAFTY FACILITY OF LUT UNIVERSITY

CRAFTY (CRiticAl Flow Test facilitY) is a new separate-effect-test facility designed, built and is in the
commission stage at LUT University (Fig. 1). CRAFTY is commissioned for experimental two-phase
critical flow studies. The modelling scenario is a steam generator tube guillotine rupture. CRAFTY allows
the variation of length-to-diameter (L/D) ratio with interchangeable discharge tubes. CRAFTY enables two-
phase critical discharges with a very high L/D ratio. The discharge is made to atmospheric pressure.

Pressurization can be made with nitrogen gas. The upstream vessel (SCRAM tank) is 0.72 m? in volume,
and the maximum pressure and temperature ratings are 10 MPa and 270 °C, respectively. After the upstream
vessel, CRAFTY is equipped with a U-bend measurement pipe that houses the flow meter for measuring
the discharge mass flow. The discharge tube is after the U-bend measurement pipe. PPOOLEX vessel is
the receiving/downstream vessel. The discharge tubes are interchangeable, allowing the variation of
diameter and length. In the preliminary phase, the discharge tubes have inner diameters of 13 mm and 17
mm. The inner diameters of the discharge tubes resemble the steam generator tube inner diameters used in
Finnish pressurized water reactors in Loviisa (VVER-440, 13.2 mm) and Olkiluoto (EPR, 16.87 mm). The
discharge tube, depending on the L/D ratio, penetrates inside PPOOLEX. The maximum length of the
discharge tube if it is horizontally aligned is 5900 mm. The longer tubes need to be bent down, and the
discharge directed toward the bottom of PPOOLEX. The design and building of CRAFTY were mainly
done in 2023. In 2024, the commissioning of CRAFTY was finished. The simulations presented in this
article are related to CRAFTY and partly used in the design phase for the sizing of components.
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Fig. 1. Schematic of the CRAFTY test facility at LUT University.

3.0 NUMERICAL MODELS AND SIMULATIONS DETAILS
3.1 Numerical models and simulation domain of Apros system code

A simulation model for the CRAFTY facility has been created using Apros v6.08, a simulation tool
specialising in modelling thermal hydraulic processes in nuclear and conventional power plants [4]. In this
study, the 6-equation model has been used, which is considered the most advanced among Apros' flow
models. Unlike other models, the 6-equation model calculates the necessary parameters to describe a system
containing gas and liquid phases instead of relying on assumptions. These parameters include pressures,
void percentage, enthalpies, and velocities, which are calculated separately for each phase [4]. The system
uses six partial differential equations by applying the equations for both the liquid and gas phases. The
conservation equations of mass, momentum, and energy can be written as follows, respectively:
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Here, k refers to liquid or gas phases, i refers to interface, w indicates wall. F is the friction force and Q is
heat flow. Here, va indicates the valve friction, f1 refers to friction resulting from loss, and pu refers to the
pump head. In Apros, state variables like pressure and void fraction are calculated in specific control
volumes and are called nodes. However, vector values such as velocity are determined in control volumes
located between nodes, known as branches. Each branch connects two nodes. This arrangement of control
volumes is commonly referred to as a staggered grid. The Apros software uses the isentropic expansion
assumption for single-phase liquids and the ideal gas assumption for steam calculations. This work
calculates the critical mass flow rate using the modified Moody model. This model considers more
advanced correlations and equations, including fluid compressibility and non-condensable gases. These
factors are particularly relevant in two-phase flow systems with non-condensable gases.

Figure 2 shows the simulation model for the test facility. For the simulation, the pressure vessel and U-loop
pipeline were filled with water, and pressurized air was supplied continuously from the top of the vessel. A
constant pressure of 10 MPa was maintained throughout the experiment.

Fig. 2: Apros simulation model of the CRAFTY test facility.

A pipe component replaced the flow meter with identical dimensions (diameter and length). At the
beginning of the simulation, the control valve was closed, and the water in the pressure vessel was heated
to a temperature of 270 °C. Initially, the discharge tube was filled with air at a pressure of 0.1 MPa and a
temperature of 29 °C. The model has six different discharge tube lengths, each with an L/D ratio. Each of
these discharge tubes was tested separately during the simulation. When transitioning from the U-loop to
the main line, a range of discharge tubes with different length-to-diameter (L/D) ratios can be connected.
A specific discharge tube is selected and attached to the main line for each simulation. These tubes imitate
the steam generator tubes in power plants such as Loviisa VVER-440 and Olkiluoto EPR. The simulation
model utilizes the inner diameters of the CRAFTY test facility's discharge tubes (13 mm and 17 mm). The
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simulation ended when the pressure vessel, initially filled with water, became empty. At that point, it only
contained air, and the liquid was discharged into the atmosphere through the designated tube.

The study considered L/D ratios of 10, 50, 100, 200, 350, 500, and 700 for Apros simulations. Critical flow
checking was enabled for all tubes in the simulation model. The simulation model predicted a critical flow
at the end of the discharge tube, specifically in the last branch. The discharge coefficient used in the
discharge tube was the default value of 0.75, specified by the code. The tubes in the simulation model are
divided into nodes, which allows for a detailed analysis of the system's behaviour. Each node has a fixed
length of approximately 0.2 meters, enabling precise calculations and parameter tracking along the tubes.
During the simulation, various parameters, such as pressure and temperature, are calculated for each node
every second.

3.2 Numerical models, geometrical details, and simulation set-up of ANSYS CFD
simulations

This study used the ANSYS FLUENT CFD code to simulate the two-phase critical flow. The mixture
model, a simplified multiphase model, was employed for this purpose. The mixture model can simulate
multiple phases (fluid or particulate) by solving the mixture's momentum, continuity, energy equations,
volume fraction equations for the secondary phases, and algebraic expressions for the relative velocities
[5], unlike Apros’s 6-equation model. In a mixture model, the mass, momentum, and energy equations can
be written as below, respectively:

a PrE J—
a(pm) + V. (pmvm) - 0, (4)
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Here v, is the mass-averaged velocity which is given by and p,, is the mixture density which

is given by Y.7_; agpx Where ayis the volume fraction of phasenli. In Momentum equation, n is the number
of phases, F is the body force and p,, is the viscosity of the mixture, V4, is the drift velocity for the
secondary phase k. In the energy equation, k. is the effective conductivity. The terms on the right-hand
side represent the energy transfer due to the conduction and Sg considers any other volumetric sources of

2
heat. E}, is given as hj, — pﬂ + 1]2—"for compressible phase, and for incompressible phase, E;, = h; where,
k

h; is the sensible enthalpy for the phase k. The simulations use the cavitation model and the Schnerr-Sauer
Model [6] to model mass transfer. Flow turbulence was solved using Menter's Shear Stress Transport k-
® Model turbulence model [7].

An axisymmetric computational domain design, which displays a high degree of symmetry, was
implemented to reduce the computational load and effort required. The flashing flow phenomenon is a
complex process that involves capturing shock regions. To achieve this, the geometry is divided into several
parts, and a refined mesh is created where choking phenomena are anticipated to occur.
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Figure 3 shows the meshing in the computational domain. While conducting the simulation, pressure inlet
and outlet boundary conditions were applied at the inlet and outlet, respectively. At the inlet, a pressure of
100 bar and a temperature of 270 °C were used. The PPOOLEX was maintained at atmospheric pressure.
All walls were considered adiabatic, and no-slip boundary conditions were considered. The heat and mass
transfer model required the input of bubble diameter and number density. A user-defined function was
created using the C++ programming language to simulate this process. Tables containing material
properties such as density, viscosity, speed of sound, thermal conductivity, and heat capacity of the vapour
phase were used, all dependent on the saturation temperature. A pressure-based solver is used to solve the
governing equations and the pressure-velocity coupling, which is solved using the ‘Coupled’ algorithm.
For space discretization, the ‘PRESTO’ method is used along with a combination of first- and second-order
schemes for density, turbulent Kinetic energy, volume fraction, and energy. A pseudo-transient simulation
has been done for all the different L/D cases. A time step of 2e-6 has been taken, and it is seen that these
simulations are very time-sensitive.

Fig. 3: Computational grid of CRAFTY test facility's discharge tube.

4.0 RESULTS AND DISCUSSION

Adequate mesh density is required to resolve the flow details. In this work, mesh sensitivity analysis was
performed for CFD simulations using three meshes with different numbers of elements along with the y+
value. Mesh A, the coarser version has about 100k computational cells with a y+ value between 25 and 32.
Mesh B has the intermediate mesh density, with about 300k computational cells, yielding the y+ value
between 8 and 14. The finest version of the mesh, i.e. Mesh C, consisted of 500k computational cells with
y+ value between 5 and 11. It was observed that using a coarser mesh resulted in poor flow phenomena
(Fig. 4). The numerical results showed that the difference in mass flow rate between Mesh B and Mesh C
was less than 2%. Mesh B had a shorter computational time than Mesh C. Mesh B and Mesh C accurately
predicted similar Mach number fields and effectively captured the flashing inception or choked conditions.
Based on that, Mesh B was chosen for further simulation cases.

Results show that when the L/D ratio increases, the wall friction increases since the flow must travel longer
distance. By having a larger diameter, the discharge tube provides a greater flow area, resulting in a higher
mass flow rate than the tube with a smaller diameter (Fig. 5). The cross-sectional area of a tube is directly
proportional to the square of the diameter; hence, when the diameter of a tube increases, the flow area also
increases, enabling more fluid to pass through per unit of time. There are slight variations in critical mass
flow rates yielded by Apros and CFD. However, particularly, for larger L/D cases, results are comparable.
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Fig. 5. Critical mass flow rate at the end of discharge tube in Apros and CFD calculations

Figure 6 shows that the entrance pressure is lower in the 13mm diameter tube compared to the 17mm
diameter tube. This difference is due to the higher mass flow rate associated with the 17mm tube diameter.
A larger diameter tube allows a more significant mass flow rate through the system, resulting in a higher
flow velocity thus a larger pressure loss before the discharge tube. Additionally, it is worth noting that as
the L/D ratio increases, the entrance pressure increases for both tube diameters. This trend is consistent
with the decrease in mass flow rate as the L/D ratio rises.
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Fig. 6. Pressure before the discharge tube as a function of the L/D ratio in Apros calculations.

Figure 7 shows the pressure profile along the discharge tube. The pressure drop is constant until the point
of flashing. The constant pressure drop is caused by frictional pressure loss until it reaches the saturation
pressure. The flashing location occurs near the point where the drastic pressure gradient occurs. This
happens due to the downstream being at atmospheric pressure.
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Fig. 7. Axial pressure profile of the discharge tube in CFD simulation. The vertical solid black line represents
the outlet of the pipe opening into the vessel (i.e. at 1.7 m from the inlet of the pipe) for the 17-100 I/d case.

Figure 8 shows the pressure drop in the discharge tube and the void fraction at the end of the discharge
tube. At low L/D ratios (less than 200), voiding is minimal, and the pressure drop between 13 mm and 17
mm tubes increases at a similar rate, with a difference of approximately 0.6 MPa. However, as voiding
increases in the 13 mm tube, the pressure drop increases compared to the 17 mm tube at comparable L/D
ratios. It is evident that the longer the tube, the larger the wall effects are, and the pressure drop increases.
At L/D = 500, the pressure drop difference between the two diameter cases is the highest due to the large
voiding in the 13 mm diameter tube.
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Fig. 8. Pressure drop and void fraction at the end of the discharge tube in Apros calculations.

In the Apros simulation model, the tubes are divided into small segments called nodes, and each node has
a fixed length of approximately 0.2 meters. If a tube’s length is less than 0.2 meters, a single node will share
the same length as the tube. When using average values, the pressure can sometimes be higher than the
saturation pressure in cases of high subcooling and small L/D (Fig. 9). The flashing occurs after the average
node's length. However, with a considerable L/D ratio, the pressure can reduce below saturation even in
high subcooling due to wall friction. When high-pressure subcooled water enters the discharge tube, it
undergoes a pressure drop due to the friction in the inner surface of the tube. In a discharge tube with a
large L/D ratio, the pressure drops below the saturation pressure, causing a drastic increase in voiding
compared to voiding due to wall effects. The steam and saturated water undergo interfacial mass and heat
transfer, leading to further pressure losses. During the flashing process, there is an additional pressure loss
due to the expansion of the fluid volume as the liquid water transforms into steam when it reaches saturation
pressure. At higher L/D ratios between 500 and 700, the discharge tube with a smaller diameter exhibits
lower pressure at the end compared to the tube with a larger diameter. This phenomenon occurs because,
as the L/D ratio increases, the mass flow rate through the system decreases. This leads to a reduction in
pressure drop before the discharge tube and an increase in the entrance pressure. As bubbles form within a
liquid mixture, the density of the overall mixture decreases. The flow velocity tends to increase to maintain
a constant mass flow rate. This increase in flow velocity can also impact the pressure drop along the tube.

In Apros simulations, the void fraction generally does not reach high values due to the node length. This is
because the flashing occurs at the end of the tube, as shown in the CFD results for L/D 350, id=17 mm
cases in Figure 10. The voiding starts and rapidly grows from % of the tube's inner diameter length before
the exit. The high subcooling of the cases further elaborates on this issue. The voiding in the L/D=350,
id=17 mm case for Apros is not seen due to the averaging. In TPCF Apros simulations, the nodalization
should be fine enough towards the tube outlet to capture the void fraction.
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Fig. 9. Pressure and void fraction at the end of discharge tube in Apros calculations.
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Fig. 10. Void fraction contour in CFD calculation.
5.0 CONCLUSIONS

This paper presents the simulation results of two-phase critical flow (TPCF) in a primary-to-
secondary leak scenario when the steam generator tube undergoes a guillotine break. The
simulations use the Apros system code and the ANSYS FLUENT CFD code. Selected simulated
cases will be run in the future with the CRAFTY facility used for TPCF experiments at the
Lappeenranta-Lahti University of Technology LUT University.

The results indicate that numerical methods can determine the critical pressure ratio at which two-
phase essential flow conditions occur in tubes with varying L/D ratios. The simulation results
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provide valuable insights into various critical parameters. The presented results indicate that
criticality conditions were achieved at the end of the discharge tube for all tested cases. The L/D
ratios of discharge tubes impacted the critical flow behaviour. There were noticeable differences
in fluid properties at the discharge tube outlet. Pressure, mass flow rate, and void showed distinct
patterns based on the L/D ratio.

Furthermore, studying the void fraction along the tube revealed insights into the evolution of two-
phase flow regimes. The simulation results yielded essential insights into how the L/D ratio affects
the critical mass flow. As the L/D ratio increased, there were higher pressure drops and lower
pressures at the discharge tube outlet due to frictional losses along the tube walls. The void fraction
showed an upward trend with the L/D ratio, which indicates higher pressure losses and increased
flow resistance, especially for the smaller diameter tube. Simulating efforts lead to a better
understanding of critical flow phenomena during a steam generator tube guillotine rupture
scenario, essential for improving safety and efficiency in nuclear power plant operations.
According to the simulation results from Apros, selecting the correct nodalization when simulating
flashing flows is crucial, particularly in cases where a large pressure gradient arises and causes the
flashing. Simulating flashing flow in a CFD code is challenging, as it requires selecting the
appropriate model combination, grid density, and transient time-stepping. Selecting a time-step
size that is too small or too large can affect the void generation and cause convergence issues. In
general, simulating flashing flow is a highly challenging task.

The findings presented in this study provide a better understanding of LUT University's CRAFTY
test facility. The study highlights the significance of considering the L/D ratio and tube diameter
when predicting critical mass flow rates. It also reveals the limitations of current models, the need
for more scaling investigations, and the complexities of two-phase flow dynamics, which provide
avenues for further research in this field.
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