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ABSTRACT: In this study, the performance of a Tesla valve, integrated into Automatic Recirculation  Review History:

Control valves used in industrial applications, is investigated through numerical simulation. The primary  Received: Jun. 03, 2025
objective was to analyze the influence of key geometric parameters of the valve on flow characteristics, Revised: Aug. 08, 2025
including flow rate, pressure drop, and cavitation phenomena. The governing equations were solved using ~ Accepted: Aug. 21, 2025

the finite volume method in ANSYS CFX, and the numerical results were validated through comparison ~ Available Online: Aug. 26, 2025
with experimental data. The parametric study was conducted in two phases. In the first phase, under a
constant pressure drop, the effects of body diameter, stage diameter, stage angle, and the number of stages
on flow rate were examined. The results indicated that increasing the diameter and reducing the stage
angle can enhance the flow rate by up to 45%, whereas variations in the number of stages had minimal
impact on flow rate. In the second phase, the effects of the aforementioned parameters were assessed
under varying pressure drops. These results also revealed a direct correlation between pressure drop and
flow rate, with trends consistent with the first stage. The findings of this study provide valuable insights
for the optimal and customized design of Tesla valves in Automatic Recirculation Control systems, Valve
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contributing to enhanced efficiency and reduced energy losses in industrial pumping applications.

ARC Valve

1- Introduction

Maintaining industrial pump flow above a specified
minimum is essential for safe operation. Running below
this limit disrupts hydraulic balance, leading to vibration,
noise, overheating, and eventual damage. To prevent this,
engineering solutions are used to guarantee a minimum
suction flow even when demand decreases. A widely adopted
method is the Automatic Recirculation Control (ARC)
valve system, which automatically diverts part of the flow
through a bypass whenever the main-line flow drops below
the set threshold, thereby protecting the pump and improving
reliability [1].

In ARC systems, a Tesla valve can be placed in the bypass
branch to provide the required pressure drop while ensuring
minimum flow. Invented by Nikola Tesla in 1920, the valve
consists of interconnected loops and obstacles that impose
different resistances in forward and reverse directions. With
no moving parts, it delivers pressure loss purely through
geometry, making it robust and well-suited for industrial
use [2]. These features make the Tesla valve an effective
candidate for ARC applications.

Previous studies have explored ARC systems and Tesla
valves. For instance, Thompson compared ARC valves with
conventional methods for maintaining minimum pump flow,
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showing that ARC offers the highest level of protection [3].
Other research on Tesla valves has examined geometric
modifications that improve rectification performance [4-6].
However, comprehensive evaluations under ARC operating
conditions, especially those linking geometry with pressure
drop, flow rate, and cavitation, remain scarce.

The novelty of this work lies in the systematic analysis
of flow rate, pressure drop, and cavitation index under
both constant and variable pressure-drop scenarios, more
closely reflecting industrial conditions. A two-phase model
is employed to simulate cavitation, allowing numerical
identification of vapor formation zones inside the valve.
These findings provide a basis for the optimal and practical
design of Tesla valves in ARC systems.

2- Problem Statement

Figure 1 illustrates the geometry of an ARC valve system
along with the schematic of the baseline Tesla valve under
study. The ARC valve consists of two primary parts: the main
passage and the bypass passage. Within this bypass, a Tesla
valve is embedded, whose geometric structure resembles
the well-known Tesla design. As shown in Figure 1b, the
horizontal section of the bypass contains several asymmetric
stages arranged to produce directional resistance. In the
present configuration, the Tesla valve includes three stages,
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Fig. 1. (a) Geometry of a sample ARC valve system. (b)
Schematic of the baseline geometry of the Tesla valve.

each shaped to create fluid diversion and energy dissipation.

3- Governing Equations and Solution Method

In order to investigate the hydraulic performance of the
Tesla valve under realistic operating conditions, a numerical
approach was adopted in this study. The flow was assumed
to be incompressible, turbulent, and two-phase, consisting
of liquid water as the primary phase and water vapor as the
secondary phase to account for cavitation phenomena. The
governing equations included the continuity and momentum
equations, which were discretized using the finite volume
method (FVM). Turbulence effects were modeled using the
k—¢ turbulence model, while cavitation was represented by
the Rayleigh-Plesset cavitation model to capture interphase
mass transfer between liquid and vapor phases. The cavitation
index (o) was employed to characterize cavitation intensity,
defined as [7]:

P~ D
o, =—
pu_pd (1)

where p_ is the upstream pressure, p, is the downstream
pressure, and o, is the vapor pressure of water. This index
provides a dimensionless measure of cavitation likelihood
within the valve.

The numerical simulations were performed using ANSYS
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Table 1. Flow rate and cavitation index for different

diameters
d=D (mm) O (m*/h) oy
27 54.955 1.083
31 64.492 1.096
35 70.247 1.110
40 79.693 1.117

CFX (version 2021) with a pressure-based coupled solver. A
high-resolution scheme was adopted for discretization, and
the convergence criterion was set at 10 for all governing
equations. To reduce computational cost, only a symmetric
half of the geometry was modeled, with appropriate symmetry
boundary conditions applied. The inlet boundary condition
was specified as a total pressure of 72.2 bar, with liquid water
at 25 °C as the working fluid. At the outlet, a static pressure of
3.6 bar was imposed. The liquid water volume fraction at the
inlet was set to unity, while the vapor phase fraction was zero.
Along the solid walls, a standard no-slip condition was applied.

4- Results

The influence of geometric parameters of the Tesla
valve on its performance is systematically examined. The
parametric study considers the effects of the body diameter
(D), the diameter of the stages (d), the stage angle (), and the
number of stages. In each sub-study, one parameter is varied
within a specified range while the others are kept constant at
their baseline values.

4- 1- Effect of geometric parameters on flow rate at constant
inlet and outlet pressures

In this section, the inlet and outlet pressures were kept
fixed at their baseline values, and the effect of geometric
parameters on flow rate was examined.

At first, the effect of the stage diameter (d) and the valve
body diameter (D) on the flow pattern is investigated. While
varying the diameters, the radial clearance between the outer
wall of the stages and the valve body, which serves as the flow
passage, is assumed to remain constant. The flow rates and
cavitation index values for different diameters are presented
in Table 1. As shown in Table 1, increasing the diameters
from 27 mm to 40 mm enhanced the outlet flow rate from
approximately 55 m3/h to 80 m*h, representing an increase
of about 45%. Moreover, the cavitation index also increases
slightly with diameter. Although the changes in cavitation
index are not significant, it can be concluded that cavitation
occurrence is marginally reduced at larger diameters.

The effect of the number of stages was then investigated.
By adjusting the overall valve length in proportion to the
number of stages, the hydraulic performance of two-,
three-, and four-stage configurations was compared. Results
indicated that the number of stages had only a marginal
influence on flow rate. Flow variations among the three cases
remained within +5%, with the two-stage valve yielding a
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small increase (about 4.7%) and the four-stage valve a slight
decrease relative to the baseline three-stage configuration.
The cavitation index values were also similar, showing only
minor differences. This indicates that the stage number is not
a dominant factor in determining flow capacity.

Next, the stage angle was varied. Increasing the stage
angle from 20° to 42° caused a gradual decrease in outlet flow
rate, with reductions of up to 15% compared to the baseline
value at 35°. A direct correlation was observed: larger angles
increased flow resistance and reduced flow capacity, while
smaller angles enhanced flow. At the same time, cavitation
indices exhibited a decreasing trend with increasing stage
angle, suggesting a higher likelihood of cavitation at larger
deflections. These findings indicate that minimizing the
stage angle within acceptable limits improves both flow
performance and cavitation resistance.

4- 2- Effect of geometric parameters on flow rate under
different pressure drops

To assess valve performance under realistic industrial
conditions, the effects of geometric parameters were also
studied for different levels of pressure drop. For each
configuration, the flow rate was simulated across a range
of pressure differences between the inlet and outlet, and the
corresponding curves are plotted in Figure 2.

The results showed a clear direct relationship between
flow rate and pressure drop: as the pressure difference
increased, the outlet flow rate increased as well. This trend
was consistent across all geometric variations. In particular,
larger body diameters, lower stage numbers, and smaller
stage angles yielded higher flow rates at any given pressure
drop. For instance, with an increase in pressure drop from
56.4 bar to 76.4 bar, enlarging the body diameter from 27 mm
to 40 mm increased the flow rate from 49.8 m3/h to 58.7 m3/h,
corresponding to a growth of about 17%.

5- Conclusion

This study numerically evaluated the performance of
a Tesla valve within an ARC system. The results showed
that body diameter and stage angle are the dominant design
parameters, while the number of stages has little effect.
Enlarging the diameter and reducing the stage angle enhanced
flow capacity and slightly reduced cavitation risk. Although
cavitation was observed in the downstream region, it did
not significantly affect overall performance. These findings
provide a practical foundation for optimizing Tesla valve
design to improve efficiency and reliability in industrial
pumping systems.
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1. Nikola Tesla
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Table 2. Flow rate obtained from simulations for differ-
ent mesh configurations.
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Fig. 3. Radial velocity distribution at the outlet of the geometry for different mesh configurations.
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Fig. 4. Mesh representation of the valve geometry
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Table 3. Simulated flow rates for different turbulence

models.
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Fig. 6. Residual convergence plots for the continuity, momentum (X, y, z), turbulence model, and phase volume
fraction equations
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Fig. 8. Flow velocity contours in the Tesla valve with the baseline geometry
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Fig. 9. Flow pressure contours in the Tesla valve with the baseline geometry.
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Fig. 10. Water vapor mass fraction contours in the Tesla valve with the baseline geometry.
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Fig. 11. Flow velocity contours for different stage diameters (<) and valve body diameters (D).
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Fig. 12. Water vapor mass fraction contours for different stage diameters (d) and valve body diameters (D).
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Table 4. Outlet flow rate, mean upstream pressure, and cavitation index for different diameters
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Fig. 13. Flow velocity and water vapor mass fraction contours in two-, three-, and four-stage valves
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Table 5. Outlet flow rate, mean upstream pressure, and cavitation index for two-, three-, and four-stage valves.s
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Fig. 14. Flow velocity and water vapor mass fraction contours in the valve with different stage angles
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Table 6. Outlet flow rate, mean upstream pressure, and cavitation index for two-, three-, and four-stage valves.s
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Fig. 15. Volumetric flow rate versus pressure drop for different diameters, number of stages, and stage angles.
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