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Abstract

Check valves are critical components of fluid systems and have various applications, including
house appliances. This article presents a methodology for mapping geometry-specific constriction
pressure loss as a function of flow and turbulence in a check valve. This study aimed to gain insight
on which Ansys Fluent available turbulent energy dissipation model should be used for further
design optimization. This methodology consists of a statistical comparison of computational fluid
dynamics (CFD) simulation results obtained using the turbulent energy dissipation models. The key
components of the simulation process are discussed. The study’s main results are a comparison
of empirical results among flow models’ estimated pressure loss, shown as a function of flow rate
in specific geometry and identification of the most suitable model for the considered application.
This study concludes that the K-Epsilon (Standard) model best represents the empirically measured
behavior of naturally occurring flow energy losses in the considered geometry.
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Nomenclature:
CFD - Computational flow dynamics
TI - Turbulence intensity

TVR — Turbulence viscosity ratio

Introduction

Check valves are used to control the hydraulic behavior of fluids in various systems.
The scope of research on the applicational behavior of such valves includes nuclear
power plants (HAYNES 1992, MCELHANEY 2000, TURESSON 2011), forestry equip-
ment (NEDIC et al. 2017), high-pressure gas systems (YE et al. 2020), rehabilitation
devices (ZYLKA et al. 2023), and household water safety applications (PARK 2009).
Regulatory compliance for household appliance products often requires a method for
preventing the backflow of fluids, not only for water taps but also for various household
appliances using tap water, such as a dishwasher (EN 61770:2009/A1:2019 Electric
Appliances Connected to the Water Mains — Avoidance of Backsiphonage and Failure
of Hose-Sets, n.d.). Various types of valve construction have been considered for use
in state-of-the-art appliances, including swing-based check valves, dual plate (wafer)
check valves, and nozzle check valves (SIBILLA, GALLATI 2008). Poppet-type check
valves, which can be attributed to the nozzle check-valve group, are commonly used
in household appliance fluid systems to prevent the backflow of process-used water
into the wholesome tap water stream.

The poppet-type check-valve type relies on the flow-pressure-driven movement
of a spring-loaded piston to control the flow of fluid and ensure that only a single
direction of flow can be achieved. What is disadvantageous however, is that the piston
geometry in the poppet check-valve device will cause a certain hydraulic loss in the
system (LANEY, FARRELL 2018), the design of which is a complex engineering task
due to the complex physics behind the behavior of flow (YANG et al. 2011, LISOWSKI,
FILO 2017). The goal of this research was to prepare a digital twin according to the
definition of the digital twin proposed in previous publications (Forging the Digital
Twin in Discrete Manufacturing: A Vision for Unity in the Virtual and Real Worlds,
RITURAJ, SCHEIDL 2023) for computational optimization of the hydraulic efficiency
of the system by following methods proposed in recent publications (LISOWSKI et al.
2015, PECIAK, SKARKA 2022).

Numerical methods of various types can be used for the design of check-valve
systems, including computational flow dynamics (CFD) (LisowsKI, FiLo 2017). CFD
is a powerful tool for simulating the behavior of fluids in such systems. Ansys Fluent
is one of the most widely used CFD software packages in the engineering market.
(Computational Fluid Dynamics (CFD) Software Market Size & Share Analysis 2023-
2030 n.d.). The accuracy of these simulations depends on the choice of turbulence model
used to describe the turbulent flow behavior (SIBILLA, GALLATI 2008). In this article,
we investigate the usability of readily available turbulence models and minimally
adapted models’ parameters of Ansys Fluent software for simulating the flow behavior
in poppet-type check valves to achieve the closest replication of empirically measured
real-life behavior.
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Materials and methods
Pressure-loss behavior was investigated using a 3D CFD model incorporating
a production-specific geometry of a poppet-type check valve and test-specific
tubing, later used in the empirical evaluation testing of pressure loss.

CAD and numerical model

The test specimen was a poppet-type check valve with a patent-protected
triple seal type, as shown in Figure 1.

valve threaded body

composite seal

® 20.15 mm | | @ 10.44 mm

Fig. 1. CAD cross-section of the poppet check-valve specimen with marked constriction point
(green lines) and large pipe diameter (grey lines)

The nominal geometry of the valve consists of an external body threaded with
standardized % inch NTS taper threads — female thread at the inlet and male
at the outlet and an integrated bushing for linear piston movement; a 2-component
injection seal fixed inside the body by the compression of an interfacing inlet
pipe thread; and a concentrically positioned piston capable of movement on the
central axis of the valve inside the housing-integrated bushing.

The CAD model used as the meshing basis for CFD analysis, shown
in Figure 2, consisted additionally of two interfacing pipes of 100 mm length
each, via which the inlet and outlet flows to the valve were realized, and for
which the static pressure results were evaluated for accuracy.

valve assembly w/ piston
fixed in fully open position

outlet pressure port

pressure outlet

inlet pressure port
mass inlet

inlet pipe outlet pipe

Fig. 2. CAD cross-section of test specimen arrangement
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Whereas a nominal production assembly would also incorporate a spring
placed between the piston and the bushing, due to the goal of evaluating the
hydraulic losses in the system of fixed fully open geometry, the spring was not
considered in the simulated CAD assembly, following previous studies (GOMEZ
et al. 2019).

Computational mesh

The CAD geometry shown in Figure 2 was used as the basis for the generation
of a fluid domain of the fully open check valve and pipe set, as shown in Figure 3.

Fig. 3. Fluid domain in the Ansys Space Claim application

The experiment fixed model mesh was defined as a fluid domain, without
a definition of the interfacing walls. The mesh consisted of 5,043,723 cells,
in poly-hexcore configuration, with four layers for wall effects evaluation.
A cross-section of the mesh was shown in the Figure 4 and a close-up of the
mesh refinement in piston area was shown in Figure 5.

Fig. 4. A cross-section of flow domain poly-hexcore mesh

The criteria for mesh evaluation were orthogonal quality >0.71, skewness
<0.5, and aspect ratio <8.7. These values were based on the existing state
of publications (FILO et al. 2021).

A mesh independence study was carried out in scenarios of 4 mesh densities,
with cell count at respectively 69%, 82%, 100% (model presented in Figures 4
and 5) and 114% of study-used mesh, at 2 I/min condition in 2nd order k-Omega

Technical Sciences 27, 2024
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Fig. 5. A close-up of cross-section of flow domain poly-hexcore mesh in the poppet area

SST energy dissipation scenario, with the parameters evaluated being the inlet
pressure build-up at 0 Pa gauge pressure outlet and the volumetric average
of volumetric turbulent intensity in the model. The criteria for mesh independence
evaluation were convergence of the turbulent energy volume integral of parameter
(k) and pressure drop being below 3% with step of mesh refinement. The high
independence of volumetric turbulent parameter (k) observed at below 1%
indicated the mesh to be particularly suitable for evaluation of the internal
turbulent model behavior.

The mesh independence study results were plotted in Figure 6, showing the
5,04 Mio cell model to be mesh independent for the defined criteria.
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Fig. 6. Mesh Independence Study results for evaluation of mesh suitability for behavioural
evaluation of valve system by CFD means
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Turbulent models

A series of six simulations of at least 30 iterations per simulation was
performed for each of the following turbulent energy dissipation models:

— K-Omega SST,

— K-Omega Standard,

— K-Epsilon Realizab.le,

— K-Epsilon Standard

The residuals of energy were expected in the frame <10e-06, with most
results obtained at <10e-10.

CFD border conditions

The CFD model was evaluated as a series of evaluation points for calculated
pressure loss between the inlet-side pressure connector and outlet-side atmospheric
pressure.

The border conditions were defined as specifically expected in the domain
of white goods’ check valves, being 1-6 1/min flow with 1 1/min increments, and
with no external pressure at the wide outlet point for simplification of empirical
measurement. The temperature conditions reflected the average test water
of 17°C. The geometry point of the evaluation was fixed at a fully opened valve
based on previously run, non-published studies showing a complete opening
of the valve for flows <<1 1/min using the product-specific spring parameters.
The fluid domain was defined as Ansys Fluent pre-configured “liquid-water”,
with no dissolved fractions. The turbulent parameters at the inlet were set with
turbulence specified as turbulence intensity (TI) and viscosity ratio, with TT set
at 1% and turbulent viscosity ratio (TVR) set at 0.7 [-], which was a deviation
from the application pre-configured TI=5% and TVR=10 [-].

Physical empirical testing model

The empirical evaluation of real-life behavior was tested on mixed
manufacturing technology prototypes:

The housing of the valve, piston, seal core, and measurement setup tubing,
due to expected water tightness and surface finish impact (RAMANATH, CHUA
2006) were MSLA-printed using the Elegoo Saturn 2 printer.

The seal was formed using custom tooling for 2k prototype 2-component
silicone RTV-2 compression molding, with the tool halves and seal core,
manufactured in MSLA technology, as shown in Figure 7. The complete prototype
valve assembly was shown in Figure 8.

Technical Sciences 27, 2024
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Fig. 7. Set of compression molds and cores (a), demolded part (b), demolded and removed part
before post-processin (c)

Fig. 8. Three views of the prototype check-valve complete assembly

Physical test bench arrangement

The pressure loss was measured using a pressure sensor device in the
hydraulic configuration shown in Figure 9.

manometer
tap pressure flowmeter ball valve check valve $

free drain

Fig. 9. Hydraulic arrangement of the measurement setup

The water flow measurement was performed using an SM6120 Magnetic
Inductive Flowmeter (resolution +0.02 1/min), and pressure measurement was
performed on a calibrated pressure transmitter XMLGB05L73SBM( resolution
+0.3%), with connection via a 200 ml buffer container for evaluation of possible
pressure leaks. The complete setup was shown in Figure 10.

Technical Sciences 27, 2024



26 Maciej Jerzy Kobielski, Wojciech Skarka, Michat Skarka

The measurements were performed in six steps by varying the pre-set water
flow from 1 1/min to 6 1/min in 1 I/min steps and taking the average result of four
measurements per step.

free outlet

e

w-=ply
4

check valve test geometry assembly

Cetgrnr e

200 ml presure buffer

Fig. 10. Test station with the test device

Data analysis

The obtained test results were subject to analysis of the mean square deviation
between the simulated results using each turbulence model and the empirically
obtained results of pressure loss in the laboratory setup. Each stock turbulent
energy dissipation loss model was evaluated based on a comparison of these
mean square deviations. The cross section visualization of the turbulent intensity
results for 6 1/min flow were also evaluated respective to the calculated Reynold’s
number flow regime prediction.

Results

The obtained results of pressure loss for all simulation variants and for the
averaged empirical measurements in Pa were shown in Table 1 and Figure 11.

Technical Sciences 217, 2024
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Table 1
Pressure loss data points for all data sources
Data source / flow 1Umin  21/min  8Umin  41min  5lmin 6 lmin
conditions
Simulation — K-Omega
SST 23.13 88.47 199.62  350.71  533.75  795.43
Simulation - K-Omega 23.12 88.94 198.81  361.60  569.29  825.39
Standard
Simulation — K-Epsilon 32.01 88.70 175.02 27679  425.68  581.25
Standard
Simulation — K-Epsilon 22.19 85.51 187.52 33155  511.56  733.58
Realizable
Empirical measurement 34 76.5 173 308 439 608.5

(mean of 4, rounded to 0.5)

K-Epsilon (Standard)

x

o
- =

—

.

K-Epsilon (Realizable)

K-Omega (Standard)

Fig. 11. Turbulent intensity contours for 6 L/min for all evaluated models
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The square deviations relative to the empirically obtained mean results
were shown in Table 2.

Table 2
Square deviations of CFD results’ data points relative to empirical measurements

Simulation type / flow conditions 1l/min 2lmin 31l/min 41l/min 5l/min 6 1/min
Simulation — K-Omega SST 0.10566 0.02439 0.02199 0.01841 0.06575 0.09478
Simulation — K-Omega Standard  0.10022 0.03200 0.02876 0.03753 0.07386 0.10896
Simulation — K-Epsilon Standard 0.00344 0.02545 0.00014 0.01027 0.00095 0.00199
Simulation — K-Epsilon Realizable 0.12065 0.01386 0.00705 0.00585 0.02714 0.04233

The averaged deviations relative to the empirically obtained averaged results
were shown in Table 3. For evaluation purposes, the simulation results were
shown in Figure 11 as a uniform-legend TI plot in axial cross-section for the
condition of 6 L/min flow.

Averaged deviations of CFD models relative to empirical measurements fabled
Turbulent model Averaged square deviation [%)]
Simulation — K-Omega SST 5.52
Simulation — K-Omega Standard 6.36
Simulation — K-Epsilon Standard 0.70
Simulation — K-Epsilon Realizable 3.61
Discussion

Pressure-loss comparison is a commonly used method for evaluating the
performance of turbulent models (GOMEZ et al. 2019). The comparison between
the predicted pressure loss and experimental data can provide insights into the
accuracy of the model in predicting real-life behavior. In this study, we found that
the K-Epsilon model performed better than the K-Omega model in predicting
pressure loss, contrary to some publications (HUOVINEN et al. 2015). This could
be because the K-Epsilon model is more suited to flows with high TI, whereas
the K-Omega model is better suited to low TI flows. It is also notable, that for the
lowest flow value of 1 [I/min] and the lowest expected turbulence, the K-Epsilon
Standard model behaved the best. However, there is no clear position on this
matter: the K-Epsilon model is often used in valve modeling because it considers
the effects of rotation and curvature of the wall. RANS models are the most
widely used approach for industrial flows.

Technical Sciences 27, 2024
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The calculated Reynolds’ number in terms of flow regime in the connection
pipe areas for 6 L/min, calculated at Re=580 [-], aligned with all model predictions
shown by turbulent intensity contours with largely laminar behavior and
a noticeable increase in wall-adjacent turbulent intensity. The only deviation from
the Reynolds-based regime prediction was observed in the k-epsilon (realizable)
contour, in which the model visibly induced eddies of turbulent intensity >20%
in areas of sharp edges.

It is important to note that the choice of turbulent model depends on the
specific problem being solved, and other factors such as computational cost and
accuracy requirements should be considered.

Conclusions

In this study, we compared the performance of the K-Epsilon and K-Omega
turbulent models in two variants each to predict the pressure loss of fluid
flow through a fully open poppet-type check-valve assembly. The pressure-loss
comparison method proved to be effective in evaluating the performance of the
models (LISOWSKI et al. 2015). Our results suggest that the K-Epsilon Standard
model performs best, with a mean square deviation from real-life behavior
of 0.70%. In order of further suitability was the K-Epsilon Realizable model
with an averaged square deviation of 3.61%; K-Omega SST with an averaged
square deviation of 5.52%, and K-Omega Standard with an averaged square
deviation of 6.36%.

The behaviour of K-Omega SST, K-Omega Standard and and K-Epsilon
Standard numerical model in the described geometry can be trusted to match
the flow regime expectation derived by Reynolds’ number calculation. It is worth
noting however that an empirical visual evaluation of the real-life behavior with
use of strobe-light based video registration and a color stream marker could be
a more suitable way to evaluate the mimicry of real fluid micro-vortices than
a pressure-loss-based method.

What is also worth noting, is that evaluation of meshing suitability has shown
the meshing density suitable for evaluation of volumetric pressure behavior
(variants reduced by 18% and 31%) would not have been suitable for evaluation
of turbulent energy dissipation, as a smaller size mesh would not result in result
independence for these parameters. It leads to conclusion, that the any mesh
independence study should be suited for the modelled parameters in mind, not
only to model tuning calibration parameter.

Nevertheless, for purposes of hydraulic system engineering in conditions
of flow preventing creation of cavitation phenomena, this model could be considered
a digital twin of the real-life model (WRIGHT, DAVIDSON 2020).

Technical Sciences 27, 2024
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