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Abstract

Hydrodynamic cavitation is increasingly investigated as a process-intensification technol-
ogy for liquid processing and complex or waste-derived streams. Conventional Venturi
cavitators rely on fixed geometries selected for nominal operating conditions, whereas
practical processes may involve variable fluid properties, flow rates, pressure conditions,
and treatment objectives. This mismatch can produce unstable cavitation regimes, exces-
sive or insufficient treatment severity, and inefficient use of pressure energy. This article
introduces the Dynamic Circular Venturi Adaptive (DCVA), a reconfigurable circular
Venturi framework in which the internal profile is treated as an operating variable rather
than only as a fixed design feature. Unlike the previously proposed Dynamic Venturi Reu-
leaux Actuated (DVRA) concept, which uses a non-circular Reuleaux-section Venturi with
boundary-imposed swirl, the DCVA retains an axisymmetric circular geometry and relies
on controlled profile reconfiguration without swirl forcing. The framework defines equiv-
alent geometric parameters, an admissible design space, plant-measurable operating in-
dicators, and representative architectures for single-parameter and multiparametric re-
configuration. A numerical demonstration of the parametric design workflow is provided
using an automated axisymmetric finite-element computational fluid dynamics (CFD)
procedure that links CAD generation, meshing, flow simulation, post-processing, and it-
erative geometry updating to identify the throat configuration associated with cavitation
inception. The results support CFD-assisted configuration selection, commissioning-map
development, and future supervisory control, while prototype realization and experi-
mental benchmarking remain necessary for full device-level validation.
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loading can alter cavitation inception, extent, and treatment severity, with consequences
for process performance, energy use, and reproducibility [4,5].

These effects are especially relevant in recycling and resource-valorization applica-
tions involving waste-derived liquids, agro-industrial by-products, wet biomass, and het-
erogeneous suspensions. Because stream properties may vary between batches or evolve
during treatment, fixed-geometry cavitation devices sized for nominal conditions may re-
quire conservative operation or repeated optimization. Reconfigurable geometry offers a
means of adapting the cavitation regime while preserving the external plant interfaces.

Among the devices used to generate hydrodynamic cavitation, Venturi systems are
a well-established solution [6,7]. They are attractive because of their simple construction,
absence of rotating parts, and compatibility with in-line integration. In industrial practice,
however, a conventional Venturi is usually manufactured with a fixed internal geometry
and sized for a nominal set of operating conditions [8-10].

Fixed-geometry Venturi devices may perform adequately near their nominal design
point, but their operating regime can shift when process conditions or treatment objectives
change. In variable or sequential processes, maintaining a target cavitation condition may
therefore require adjustments in flow rate or pressure, repeated optimization, or ac-
ceptance of suboptimal operation [9-11]. Variable-area and adjustable Venturi devices
demonstrate that internal geometry can instead be used as an operating degree of freedom
for regulating pressure drop, flow behavior, and cavitation inception [12-15].

On this basis, the Dynamic Circular Venturi Adaptive (DCVA) is introduced as a
family of circular Venturi devices with reconfigurable internal geometry [16]. The external
body and pipeline interfaces remain fixed, while the throat region and adjacent transition
sections can be adjusted so that geometry becomes an operating variable. The framework
is related to, but distinct from, the Dynamic Venturi Reuleaux Actuated (DVRA) concept
[17]. Whereas the DVRA combines a non-circular Reuleaux-section throat with boundary-
imposed swirl and adjustment of the effective hydraulic area, the DCVA retains an ax-
isymmetric circular geometry, introduces no swirl-forcing mechanism, and describes pro-
file reconfiguration through the equivalent throat diameter or area, throat-region length,
and inlet and outlet transition angles. The DCVA should therefore be regarded as a dis-
tinct axisymmetric reconfiguration framework rather than as a circular variant of the
DVRA.

The DCVA can serve either as a reconfigurable development platform or as an adap-
tive in-line device. In the first role, different combinations of geometry and operating con-
ditions can be explored to identify candidate configurations or operating windows for a
given matrix or treatment objective. In the second, the internal profile can be adjusted
during operation to accommodate changes in fluid properties, hydraulic conditions, or
sequential processing requirements.

The framework defines equivalent geometric parameters, an admissible design
space, plant-measurable operating indicators, and two representative architectures.
DCVA-S uses a single geometric degree of freedom associated primarily with throat open-
ing, whereas DCVA-M enables multiparametric profile reconfiguration through axially
distributed actuation. A numerical workflow based on automated axisymmetric finite-el-
ement CFD is also used to connect parametric geometry generation, meshing, flow simu-
lation, post-processing, and iterative throat updating for cavitation-inception sizing. This
workflow supports configuration selection and commissioning-map development.

2. DCVA Framework

The DCVA is conceived as an in-line hydrodynamic cavitation module with fixed
external dimensions and reconfigurable internal geometry. The inlet and outlet connec-
tions remain unchanged, whereas the throat region and adjacent transition sections can
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be adjusted to modify the cavitation regime in response to operating conditions or process
requirements. Its geometric state is described through equivalent throat diameter, throat-
region length, and inlet and outlet transition angles, together with bounded control vari-
ables and plant-measurable hydraulic quantities.

2.1. Geometry and Control

Two limiting throat diameters define the available geometric stroke. The minimum
throat diameter, d, corresponds to the most constricted admissible configuration,
whereas the maximum throat diameter, D, corresponds to the most open configuration.
The equivalent throat diameter during operation, d,(t), therefore satisfies:

d<d,(t)<D (1)

The interval [d, D] represents the available geometric stroke. The ratio D/d quanti-
fies the maximum relative opening achievable for a given external envelope. The mini-
mum value d is set by process requirements, whereas D is limited by design constraints,
including mechanical integrity, materials, and reliability, as well as by operating condi-
tions.

To describe and control the throat opening, a dimensionless control variable is intro-
duced:

_de(t)—d

x(@) = g 0sx®s1 (2)

The value y =0 corresponds to the minimum-throat configuration, d.(t) =d,
whereas y = 1 corresponds to the maximum-throat configuration, d,(t) = D. Equation
(2) yields the direct control-to-geometry relation:

de(t) =d +x(t) (D —d) ©)

The variable y(t) represents a bounded supervisory command rather than a com-
plete actuator state. Its admissible variation is limited by actuator stroke and response,
backlash, hysteresis, liner stiffness and strain, sealing behavior, and pressure loading.
Practical operation therefore requires calibrated command-to-geometry mapping, config-
uration-dependent safety limits, and command-rate constraints. Actuator dynamics,
closed-loop stability, liner deformation, and cyclic durability remain device-specific vali-
dation requirements.

The main symbols used in the DCVA framework and in the two representative ar-
chitectures are summarized in Table 1.

Table 1. Main symbols used to describe the DCVA framework and the two representative architec-

tures.
Symbol Definition Applies to
d Minimum throat diameter DCVA
D Maximum throat diameter DCVA
de Equivalent throat diameter DCVA
L, Equivalent throat-region length DCVA
Qi Equivalent inlet angle DCVA
Aoyt Equivalent outlet angle DCVA
X Dimensionless control variable for throat opening DCVA-S
Ny Number of circumferential cage modules DCVA-S
N Number of axial actuation stations DCVA-M
X; Axial position of station i DCVA-M
U Control input of station i DCVA-M
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Note: d, D, d,, L, and x; are length quantities and should be reported in consistent units, such as
mm or m, depending on device scale. a;, and a,,, are angular quantities. y and u; are dimen-
sionless control variables, while Ny and N are dimensionless counts. In DCVA-S, the geometry
state is controlled by y, while Ny defines the circumferential modularity of the kinematic cage. In
DCVA-M, N denotes the number of axial actuation stations, while x; and u; denote their axial po-

sitions and control inputs, respectively.

In addition to d,, the internal profile is summarized by the equivalent throat-region
length, L; and the equivalent transition angles, a;, and a@g,;. The quantity L, is defined
as the axial extent over which the local internal diameter remains within a prescribed tol-
erance of the minimum profile diameter. The angles a;, and a,,. represent effective
slopes of the converging and diverging sections, respectively, and may be obtained from
the corresponding profile segments by geometric reconstruction or best-fit linear approx-
imation. The diameter tolerance and fitting intervals must be reported for each implemen-
tation. Depending on the architecture, these quantities may be fixed, directly actuated, or
kinematically coupled.

2.2. Hydrodynamics and Design Space

The cavitation regime can be characterized by a throat-based cavitation number
[18,19]. Let p, denote the mean static pressure at the throat, v, the mean velocity at the
throat, p, (T) the vapor pressure at temperature T, and p the fluid density. The follow-
ing definition is adopted:

5= PP
15, 4)
5PVt

All pressures in Equation (4) are absolute and referenced to vacuum. The method
used to determine p,, including the sampling location or averaging region, must be re-
ported because local minima, wall-adjacent values, centerline values, and section-aver-
aged pressures need not coincide in a cavitating flow. Under fixed upstream and down-
stream conditions, variation of d, modifies the throat velocity and pressure field, thereby
shifting the operating state represented by o.

The admissible geometric configurations are represented by the design space:

d<d, <D
Lt,min S Lt S Lt,max

ain,min < Ajn < ain,max
<

n = (de' Lt' % aout) (5)

aout,min Aour < aout,max

The bounds in 2 are implementation-specific rather than universal. They are de-
fined by the intended process duty, device scale, operating-pressure range, fluid proper-
ties, material compatibility, actuator stroke, allowable liner deformation, sealing require-
ments, and durability constraints. The architecture and kinematic mechanism determine
the reachable subset of (2, because some parameters may be directly actuated whereas
others remain fixed or vary through geometric coupling. For preliminary comparison
across scales, the design bounds may also be expressed through normalized quantities
suchas D/d, L;/d,, a;, and agy;.

2.3. Measured Signals and Indicator

In a process-plant context, a direct measurement of the throat pressure p, may not
be available. An operational indicator is therefore introduced and computed from quan-
tities typically measured in process plants, namely the inlet pressure p;,, the outlet pres-
sure Py, the volumetric flow rate Q, and the temperature T, from which p,(T) is
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obtained. The dependence on geometry is captured through the equivalent throat diame-
ter d,, computed from Equation (3) in the single-parameter case or derived from the
equivalent profile in the multiparametric case.

A continuity-based estimate of the mean throat velocity, v;, is adopted:

40
Using v; and plant-measurable quantities, the following operational indicator is de-
fined:
& = Pin — Pu(T)
1 7)
3 PVt

In the following, & is used as an operational proxy for the cavitation regime, since it
is computed from p;, and the equivalent throat diameter d, through the velocity esti-
mate v;. Consequently, & does not necessarily coincide with the local cavitation number
o in Equation (4), which would require a direct measurement of the throat pressure p;.
Accordingly, & is introduced as a design-oriented proxy for consistent configuration se-
lection and reporting, rather than as a direct substitute for the local cavitation number.

This distinction is particularly important in unsteady cavitating flows, where cavita-
tion inception, shedding, local pressure minima, vapor-volume evolution, and pressure
fluctuations cannot be represented by mean throat quantities alone. Studies on confined
throttling geometries have shown that cavitation inception and pressure behavior are gov-
erned by local flow acceleration and near-wall pressure drops. This supports the use of &
as a commissioning and reporting proxy, rather than as a validated cavitation-intensity
measure [20].

A first-order deviation can be expressed by writing p, = py, — Apin—e, Where Apy,
accounts for inlet-to-throat losses. Under this definition, ¢ = & — Ap;p,_:/ (%pvtz) ; hence

the deviation is governed by Ap;,.; and is quantified during commissioning for the spe-
cific duty.

Related studies highlight practical limits when using simplified indicators to repre-
sent cavitation intensity [21]. When needed, non-idealities can be addressed through cal-
ibrated flow-coefficient information for variable-area cavitating Venturi devices [22]. The
indicator & is employed to build commissioning maps and to compare configurations in
a repeatable manner under a consistent estimation criterion [23-25].

The reliability of & is therefore configuration and duty-dependent. Variations in
throat opening, transition angles, throat-region length, surface deformation, and flow re-
gime may modify the inlet-to-throat pressure loss and the relation between the estimated
velocity and the actual local throat flow. For this reason, ¢ should be interpreted as a
repeatable operational indicator for configuration selection and process supervision, ra-
ther than as a direct measurement of local cavitation intensity. In practical implementa-
tions, its use for in-line control should be supported by commissioning maps and, where
required, by independent cavitation-related measurements or process-response indica-
tors.

The outlet pressure p,,; is used to monitor operating conditions and, when needed,
to verify plant constraints through the pressure drop Ap = p;;, — Pou-

3. DCVA-S: Single-Parameter

The DCVA-S implements a single directly actuated geometric degree of freedom as-
sociated with throat opening. Synchronously driven radial actuators vary the equivalent
throat diameter while the inlet and outlet interfaces remain fixed.
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3.1. Single-Parameter Architecture

The architecture comprises three functional subassemblies: an external actuation sys-
tem, a circumferential kinematic cage, and an elastomeric liner forming the continuous
wetted surface. The actuators impose a coordinated radial displacement represented by
the control variable y. The kinematic cage transfers this displacement through repeated
circumferential modules to the retaining rings supporting the liner. The rings are con-
nected to the stationary cylinder bodies rather than to the moving rods, thereby limiting
shear and lateral loading during reconfiguration. The liner deforms in response to cage
motion while maintaining continuity of the internal flow surface.

Liner material selection and sizing are application-dependent and are therefore not
prescribed at this design-framework level. The liner can be parameterized through thick-
ness and effective stiffness, while throat-diameter variation can be expressed as a function
of liner radial deformation. These quantities must be specified according to the selected
device scale, operating pressure range, material compatibility, and process duty [26-29].

The elastomeric liner should therefore be regarded as an implementation-specific de-
formable wetted interface, not as a universal material solution. Long-term operation re-
quires assessment of cavitation-erosion resistance, cyclic fatigue, hysteresis, sealing relia-
bility, chemical compatibility, and allowable deformation under repeated reconfiguration.
These aspects define device-level validation requirements and must be assessed during
prototype development and experimental benchmarking.

The throat section has a constant axial length, L;, set by design and interpreted as the
equivalent length of the throat region. During operation, the equivalent throat diameter
d. varies, whereas L; is kept constant by the kinematic constraints of the single-parame-
ter architecture. The DCVA-S representations in Figures 1-3 are functional schematics ra-
ther than dimensioned engineering drawings; absolute dimensions, liner material prop-
erties, actuator specifications, and sealing assumptions are therefore not prescribed at this
framework stage and must be defined for the selected prototype scale and process duty.
The resulting DCVA-S architecture and the arrangement of its principal functional com-
ponents are shown in Figure 1.

(a) (b)

Figure 1. DCVA-S architecture: (a) three-dimensional view showing the external actuation system,
circumferential kinematic cage, and elastomeric liner; (b) longitudinal section showing the liner,
kinematic cage, and continuous internal wetted surface. The external actuation system, kinematic

cage, and elastomeric liner are shown in blue, white/gray, and red, respectively.
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The two limiting throat configurations of the DCVA-S are shown in Figure 2.

(a) (b)

Figure 2. Front view of the DCVA-S in the two limiting configurations: (a) minimum internal throat

section, d, = d; (b) maximum internal throat section, d, = D.

To clarify the modular nature of the kinematic cage, Figure 3 shows the elementary
module repeated Ny times along the circumference.

Let Ny denote the number of elementary cage modules distributed around the cir-
cumference. Increasing Ny improves the uniformity of the circumferential constraint and,
consequently, the repeatability of the resulting internal geometry. Higher values of Ny
reduce local deformations between adjacent constraint points and distribute liner stresses
more uniformly, at the expense of increased mechanical complexity and more demanding
assembly and actuation.

In practical implementations, the selection of Ny should be treated as an application-
specific design trade-off. Larger pipe diameters, higher pressure drops, stiffer liners,
stricter requirements on throat circularity, and frequent reconfiguration cycles may re-
quire higher circumferential modularity to reduce local liner distortion and stress concen-
tration. Conversely, smaller devices, moderate deformation ranges, or applications with
less stringent geometric-uniformity requirements may favor lower Ny values in order to
reduce mechanical complexity, cost, and maintenance requirements.

As a preliminary design guideline, Ny should be selected so that the circumferential
spacing between adjacent constraint modules, approximately md,/Ny at the throat, re-
mains compatible with the allowable departure from circularity, liner stiffness, imposed
radial deformation, pressure loading, and cyclic durability requirements. This criterion is
not a universal sizing rule, but a practical design check to be refined according to the se-
lected liner material, pressure range, actuation stroke, and durability requirements.

3.2. Operation and Kinematics

The reconfiguration of the DCVA-S is described by a single dimensionless parameter
x(®) € [0,1], defined within the general framework introduced in Section 2. The control
input y determines the equivalent throat diameter d,.(t) through the command-to-ge-
ometry relation given in Equation (3).

Consistent with Figures 1-3, the external actuators shown in blue impose a coordi-
nated displacement of the kinematic cage. The cage modules transfer this displacement to
the retaining rings, while the elastomeric liner shown in red deforms and maintains a con-
tinuous internal wetted surface. As a result, the equivalent throat diameter d, varies
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between d and D, as shown in Figures 1 and 2, while the inlet and outlet piping interfaces

remain unchanged.

Figure 3. Elementary module of the DCVA-S kinematic cage. Circumferential repetition of Ny mod-

ules forms the complete cage.

In the DCVA-S architecture, the only directly actuated geometric degree of freedom
is the equivalent throat diameter d,(x). The equivalent length of the throat region, L, is
fixed by design. By contrast, the effective inlet and outlet angles, a;, and a,,;, may vary
as induced geometric quantities coupled to y. They are therefore determined by kinemat-
ics rather than controlled independently.

For an illustrative piecewise-linear representation, let D;, and D,,, denote the fixed
internal diameters at the inlet and outlet connections, respectively, and let L;, and L,
denote the corresponding fixed axial transition lengths. Defining a;, and a,,; as half-
angles measured relative to the Venturi axis, the kinematic coupling can be expressed as

iy (x) = arctan [DmZ_L—ie(X)] o
and
@oue(x) = arctan [Dou%oiem o

Since d,(x) = d + x(D — d), the corresponding angular ranges are bounded by the
values obtained at d, = d and d, = D. These relations provide an explicit geometric ex-
ample for verifying whether the induced angles remain within the admissible design
space. For the curved liner profile, however, a;,(x) and a,,:(¥) should be determined
from CAD-based profile reconstruction or best-fit geometric approximation rather than
assumed to follow the idealized piecewise-linear relations exactly.

For an axisymmetric circular profile with a uniform throat section, the equivalent
throat diameter coincides with the physical minimum internal diameter used in the CAD
and CFD geometry; therefore, d, = d; = 2R,. For non-uniform DCVA-M profiles, d, re-
mains an equivalent quantity defined from the minimum internal diameter of the recon-
structed profile.

Formally, the DCVA-S explores a one-dimensional subset of the design space (2, pa-
rameterized by the equivalent throat diameter:
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Ly =L
Ain = ain(de)
_ Qout = aaut(de)
In Equation (10), L; denotes the design value of the equivalent throat-region length,

d<d, <D l

'QS = (de' Lt' %im aaut) (10)

whereas a;,(d,) and a,,.(d.) represent the effective inlet and outlet angles induced by
the kinematics as d, varies. These functions can be determined through geometric recon-
struction, CAD-based calibration, or experimental measurement, depending on the devel-
opment stage and on the available characterization method.

3.3. Commissioning and Operation

The DCVA-S can be operated through a commissioning map that links the control
input y to the internal geometry and to the target cavitation range [23-25]. Such a map
can be constructed by sampling a discrete set of y € [0,1] values and determining the
equivalent throat diameter d.(x) through the command-to-geometry relation in Equa-
tion (3), with direct geometric verification when required. In the same step, the coupled
variation of the effective inlet and outlet angles imposed by the kinematics is characterized
and checked against the admissible design limits.

Using the measured quantities p;,, Py, @, and T, together with Equations (6) and
(7), the operational proxy &(x) can then be estimated and represented as a 6—y curve or
lookup table. This map provides a repeatable basis for selecting the throat-opening com-
mand under a consistent estimation criterion.

The commissioning map can be obtained through a calibration sequence combining
geometric verification of d.(x), measurement of plant variables, and independent cavita-
tion-related checks such as pressure fluctuations, acoustic emission, optical visualization,
or process-response indicators. CFD analysis can also support the estimation of inlet-to-
throat losses and the construction of configuration maps. The numerical workflow de-
scribed in Section 5 provides a physics-based route for identifying throat configurations
associated with cavitation inception under prescribed hydraulic conditions.

The operational proxy & is computed from p;,, d., and the continuity-based esti-
mate of the throat velocity v;. It therefore does not represent a direct measurement of the
local cavitation number ¢ at the throat. During operation, y is selected as a process-con-
trol variable to approach the desired cavitation range, for example within a target interval
of 6, while satisfying practical constraints such as maximum allowable pressure drop,
actuator stroke, liner deformation limits, and mechanical safety bounds.

4. DCVA-M: Multiparametric

The DCVA-M configuration extends the dynamic circular Venturi concept by intro-
ducing multiparametric reconfiguration of the internal profile. The wetted surface is not
reconfigured through a single global actuation variable, but through axial stations distrib-
uted along the converging section, throat region, and diverging section. This architecture
generates a family of internal profiles that vary along the axis and enables modulation of
the equivalent throat diameter, transition shapes, and throat-region extent, while preserv-
ing the inlet and outlet piping interfaces.

4.1. Multiparametric Architecture

The DCVA-M retains an outer cartridge with fixed inlet and outlet connection diam-
eters. Reconfiguration of the internal wetted surface is achieved through axially distrib-
uted actuation stations along the Venturi axis. Each station locally sets the radial position
of the liner and, through coordinated actuation, contributes to the generation of an admis-
sible internal profile. The external connections remain unchanged, whereas the internal
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geometry becomes a function of the station commands and can be summarized by the
equivalent parameters d,, L;, @, and a,y;.

In the schematic representation, the outer cartridge, liner, actuators, and kinematic
components are distinguished by color coding. The outer cartridge is shown in green, the
liner in red, the actuators in blue, and the kinematic components in white/gray.

The number and spacing of the actuation stations determine the achievable profile
resolution. Actuation strategy, synchronization, position feedback, sealing arrangement,
and structural implementation are device-dependent.

A possible implementation may consist of axially distributed retaining rings coupled
to synchronized radial linear actuators, with position feedback used to define repeatable
admissible profiles. The actuator type, drive mechanism, sealing layout, liner material,
and detailed structural design depend on device scale, pressure range, material compati-
bility, and process duty. The role of the DCVA-M framework is to define the equivalent
profile parameters and the admissible operating logic required for subsequent mechanical
design, prototype realization, and device-level validation. A representative DCVA-M ar-
chitecture with axially distributed actuation is shown in Figure 4.

Figure 4. Longitudinal schematic of the DCVA-M with axially distributed actuation and multipara-
metric profile reconfiguration. The outer cartridge, liner, actuators, and kinematic components are

shown in green, red, blue, and white/gray, respectively.

4.2. Operation and Parameters

In the DCVA-M, reconfiguration is described by a set of dimensionless control inputs
associated with the axial actuation stations. The axial layout is defined by the station lo-
cations x; along the Venturi axis, with i =1,...,N. The input of station i is denoted by
u;(t) € [0,1], with i = 1,...,N. The admissible set of control inputs is defined as

u = [ug, .., uy]”
U = {u 11)

w € [01],i=1,..,N

In the following, u(t) € U is assumed.

The representative schematic in Figure 4 contains N = 8 axial station locations. Their
spacing is nonuniform and illustrative; no absolute station spacing is prescribed because
the schematic is not dimensioned. At each location x;, the command u; sets the local
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radial position of the liner, and the coordinated station commands define the resulting
internal profile. Equivalent geometric parameters are introduced to summarize the family
of profiles achievable as u varies. The equivalent throat diameter d,(u) is defined as the
minimum value of the internal profile. The equivalent length of the throat region L.(u) is
defined as the axial extent of the portion close to the minimum according to an operational
threshold. The effective inlet and outlet angles, a;,(u) and a,,:(u), are determined as
equivalent slopes of the converging and diverging sections through geometric or experi-
mental calibration.

These mappings are not intended as universal analytical laws, but as architecture-
specific geometry-to-parameter relations. For a given implementation, they can be ob-
tained from the kinematic layout of the actuation stations, CAD-based profile reconstruc-
tion, direct geometric measurement, or calibration tests. Their role in the present frame-
work is to define how each admissible command vector is translated into equivalent geo-
metric parameters before hydrodynamic characterization or process operation.

Schematic examples of internal profiles obtained by varying the station control inputs
are shown in Figure 5. The figure highlights that multiparametric reconfiguration enables
variation not only of d,, but also of the transition shapes and the extent of the throat re-
gion, thereby generating different combinations of d,, L;, a;,, and a,,; within the de-
sign constraints.

= ey :

Figure 5. Illustrative internal profiles generated by DCVA-M multiparametric reconfiguration,

showing variations in throat diameter, transition shape, and throat extent.

4.3. Design Space

The DCVA-M realizes only a subset of the admissible geometries in the design space
0} defined in Equation (5), since the kinematics and actuator limits impose constraints on
the reachable configurations. In compact form, the set of achievable configurations is de-
scribed as:
de = do(u)
= L= Le(w)
Ny = (de, Ly, iy, ) € 2] u € U a, = a,, (1)
Aoyt = aout(u)

(12)

The functions d,(u), L;(u), a;,(w), and a,y,(u) describe the effect of multiparamet-
ric reconfiguration enforced by the axially distributed actuation stations. These functions
are determined by the device kinematics and by the selected calibration or
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characterization procedure. The equivalent parameters are generally coupled and must
remain within mechanical, hydraulic, and geometric limits.

This coupling implies that not every combination of equivalent throat diameter,
throat-region length, and inlet/outlet transition angles within £ is physically reachable
by the DCVA-M architecture. The accessible design space is restricted to configurations
satisfying actuator-stroke limits, liner-strain limits, geometric-continuity requirements,
sealing constraints, and kinematic compatibility between adjacent axial stations.

Axial smoothness of the control inputs u; is therefore important to prevent overly
segmented profiles and localized liner deformation. In practical control schemes, smooth-
ness can be enforced by constraining the first difference between neighboring station in-
puts, |u;41 — ;| and the command rate of each station, |du;/dt|, within implementation-
specific admissible limits. Alternatively, operation may be restricted to pre-defined ad-
missible profiles satisfying prescribed geometric-continuity and linear-deformation crite-
ria. This approach reduces the risk of localized deformation while preserving the mul-
tiparametric flexibility of the architecture.

4.4. Calibration and Operation

A practical operating strategy is to build a catalog of admissible profiles obtained
from geometric reconstruction, CAD-based calibration, numerical characterization, or ex-
perimental calibration when available. For each configuration, a corresponding value of
the operational proxy & can be estimated using Equations (6) and (7), based on the equiv-
alent throat diameter of the selected profile and the available plant measurements. In the
multiparametric case as well, & is used as an operational proxy based on py,, d., and v;.
It does not replace direct determination of the local cavitation number or independent
cavitation-related diagnostics at the throat.

During operation, the operator or supervisory system selects a configuration u € U
from the admissible profile catalog to approach the desired cavitation range while satis-
fying plant constraints and mechanical reconfiguration limits [25]. These constraints in-
clude allowable pressure drop, actuator stroke, liner deformation, geometric smoothness,
sealing reliability, and configuration-dependent safety bounds.

5. Numerical Demonstration of the Parametric Venturi
Design Workflow

A numerical demonstration is presented to illustrate the transition from the DCVA
design framework to a quantitatively defined inverse CFD-assisted hydraulic-sizing pro-
cedure capable of automatically identifying the throat geometry associated with a pre-
scribed cavitation-inception condition. The computationally efficient steady RANS pres-
sure-field calculation is used for preliminary DCVA configuration rather than for valida-
tion of fully developed cavitating flow. The resulting geometry represents a candidate
design and may serve as the starting point for higher-fidelity transient, multiphase, and
three-dimensional CFD analyses and for experimental validation, where required by the
specific application.

5.1. Objective and Scope of the Numerical Demonstration

The numerical demonstration focuses on the parametric hydraulic-design workflow
used to identify the Venturi throat configuration associated with cavitation inception un-
der prescribed operating conditions. The objective is to verify whether a parameterized
circular Venturi geometry can be automatically updated until the computed throat pres-
sure satisfies a prescribed cavitation-inception condition.
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This objective is consistent with the DCVA framework. In DCVA-S, throat opening
is the directly actuated geometric variable. In DCVA-M, the equivalent throat diameter is
one of the parameters derived from the reconfigurable internal profile. In both cases, the
ability to determine the throat geometry required to approach a target cavitation condition
is a necessary step for admissible-configuration selection, numerical characterization, and
future supervisory control.

Cavitation inception is treated as the hydraulic condition in which the static pressure
in the throat region reaches the prescribed cavitation-inception pressure for the selected
fluid and operating state. The operating behavior of a Venturi tube, and the onset of cav-
itation in particular, depend strongly on the hydraulic boundary conditions imposed by
the surrounding circuit. For a prescribed process flow rate, the available inlet pressure
and the pressure losses in the hydraulic circuit determine the pressure drop that can be
converted into local acceleration through the throat. The numerical workflow therefore
solves an inverse hydraulic-design problem: for a given flow rate, working fluid, inlet/out-
let diameter, and fixed transition geometry, the throat diameter is iteratively adjusted un-
til the computed throat pressure converges toward the selected cavitation-inception tar-
get.

5.2. Parametric Geometry and Operating Case

A circular Venturi geometry was selected for the numerical demonstration. The com-
putational geometry was parameterized using the same class of geometric quantities in-
troduced in the DCVA framework, namely the converging-section angle, diffuser angle,
throat radius, inlet and outlet radius, and throat-region length. For the demonstration
case, the inlet and outlet diameters were kept fixed, whereas the throat radius was treated
as the free design variable. Under these constraints, the lengths of the converging and
diverging sections were determined by the prescribed transition angles.

The diffuser half-angle was fixed at 3.5°, corresponding to a total diffuser angle of
7°. This value was selected to promote gradual pressure recovery and to limit the risk of
boundary-layer separation, since diffuser geometry strongly affects pressure recovery and
irreversible hydraulic losses downstream of the throat. The converging-section half-angle
was fixed at 20°, corresponding to a total converging angle of 40°, in order to limit the
overall axial length of the device while preserving a sufficiently progressive acceleration
toward the throat. The throat-region length was set to L, = 0.025 m, providing a finite
interaction length for the accelerated low-pressure flow. Both the inlet and outlet diame-
ters were set to 0.040 m. Under these geometric constraints, variation of the throat radius
directly controls the degree of flow acceleration and the pressure reduction in the throat
region. Alternative parameterization strategies could also be implemented, for example,
by prescribing the axial lengths of the converging and diffuser sections and allowing the
inlet or outlet dimensions to vary within installation constraints.

Water at 20°C was used as the working fluid. The density was setto p = 998 kgm™3,
the dynamic viscosity to p = 1.0 X 1073 Pas, and the vapor pressure to p, = 2339 Pa. A

mass flow rate of = 2kgs™?!

was prescribed. This operating condition was deliberately
selected as a conservative and demanding hydraulic case because it produces high veloc-
ities, elevated Reynolds numbers, and large pressure gradients within the Venturi. The
corresponding inlet Reynolds number was approximately 6.4 x 10*, indicating turbulent
inlet flow.

The demonstration case is defined by the geometric, fluid, and operating quantities
reported in Table 2. The table separates prescribed quantities from derived inlet-flow
quantities, so that the hydraulic severity of the selected case is explicit before introducing
the numerical model.
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Table 2. Operating conditions and fluid properties used for the numerical demonstration.

Parameter Symbol Value
Working fluid - Water at 20°C
. Steady-state
Analysis type i incompressible flow
Mass flow rate m 2kgs™!
Inlet diameter Diy, 0.040 m
Outlet diameter Doue 0.040 m
Inlet radius Ry 0.020 m
Throat-region length L, 0.025m
Converging-section half-angle A 20°
Diffuser half-angle Xout 3.5°
Reference 1.nlet pressure D 101,325 Pa absolute
for analytical estimate
Water vapor pressure at 20°C Dy 2339 Pa absolute
Density p 998 kgm™3
Dynamic viscosity u 1.0 x 1073 Pas
Mean inlet velocity Vin 1.59ms™?!
Maximum inlet velocity Vinmax 1.95ms™?!
Inlet Reynolds number Re;, 6.4 X 10*

Note: Dj, and D, denote the fixed inlet and outlet diameters of the demonstration geometry. a;,
and g, are reported as half-angles of the converging and diffuser sections, respectively. v;, de-
notes the section-averaged inlet velocity, whereas vy max denotes the maximum velocity of the pre-
scribed inlet profile. Re;, is derived from the prescribed mass flow rate and inlet diameter. The

pressures p;, and p, are reported as absolute pressures for the preliminary analytical estimate.

The inlet-flow quantities reported in Table 2 were obtained from the prescribed mass
flow rate and inlet diameter. The volumetric flow rate, inlet cross-sectional area, section-
averaged inlet velocity, and inlet Reynolds number were calculated as

m nDZ, Q 4 PV D;

=—, Ap=—2, vyy=-—=—>, Rey=—01= 13
Q p m 4 vm Ain nlezn el.?’l # ( )

where Q is the volumetric flow rate, 4;, is the inlet cross-sectional area, D;, is the inlet
diameter, v;, is the section-averaged inlet velocity, and Re;, is the inlet Reynolds num-
ber. For the selected operating condition, these expressions give Q = 2.00 x 1073 m3s™?,
Aip = 1.257 X 1073 m?, vy, ~ 1.59ms™ %, and Re;, = 6.4 X 10*. The inlet flow can there-
fore be considered fully turbulent, and even higher local Reynolds numbers are expected
in the throat region because of the progressive reduction of the flow area.

A preliminary analytical estimate of the throat diameter was obtained from Ber-
noulli’s equation and continuity, neglecting viscous losses, local losses, and elevation
changes. Cavitation inception was assumed to occur when the static pressure in the throat
reaches the vapor-pressure level of water at the selected temperature. Under these as-
sumptions, the Bernoulli throat-velocity estimate and the corresponding throat-diameter
estimate are given by

1 1

2(Pin—1)]? 4m \2

v [vizn , 2@ pv)]  dy = ( ) (14)
p

where v, p is the Bernoulli throat-velocity estimate, v;, is the section-averaged inlet ve-

locity, p;, is the reference inlet pressure used for the analytical estimate, p, is the vapor

pressure, p is the fluid density, m is the mass flow rate, and d;p is the Bernoulli throat-

diameter estimate.
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For the values reported in Table 2, the preliminary analytical calculation gives v, p ~
1417ms™! and d; 5 ~ 13.4 mm.

d
Reip =— ==~ 19 105 (15)

where Re,p is the ideal throat Reynolds number associated with the Bernoulli throat-ve-
locity and throat-diameter estimates. This value confirms that turbulent conditions are
expected not only at the inlet but also in the throat region.

The analytical estimate provides only an initial design value, because viscous dissi-
pation, local hydraulic losses, and pressure-recovery effects are not included. The final
throat diameter associated with cavitation inception was therefore determined through
the iterative finite-element CFD workflow described in the following sections.

5.3. Numerical Model and Mesh Verification

The numerical model was implemented through an open-source computational
workflow based on Salome-Meca (v9.13.0; EDF R&D, Clamart, France) for parametric
CAD generation and mesh construction, and Elmer FEM (v26.1; CSC—IT Center for Sci-
ence, Espoo, Finland) for finite-element flow simulation. The Shaper module was used to
generate the parameterized Venturi geometry, while the Mesh module was used to dis-
cretize the computational domain. The finite-element simulations were then performed in
Elmer FEM.

The flow domain was represented as a two-dimensional axisymmetric section corre-
sponding to one half of the longitudinal cross-section of the Venturi. This formulation
reduces computational costs while preserving the axisymmetric character of the circular
geometry considered in the demonstration case. The simulations were performed as
steady-state incompressible turbulent-flow calculations.

A standard Reynolds-averaged k- turbulence model was adopted, while Reichardt
wall functions, as implemented in Elmer, were used for the near-wall treatment [30]. This
choice was consistent with the high-Reynolds-number internal-flow conditions of the
demonstration case and provided a computationally efficient model for the iterative work-
flow. The diffuser half-angle was selected to promote gradual pressure recovery and to
limit extensive flow separation, thereby reducing one of the main conditions under which
the standard k-¢ model may become less reliable.

Because the objective was the preliminary identification of the throat geometry asso-
ciated with a prescribed inception-pressure threshold, the steady single-phase RANS
model was used to resolve the mean hydraulic pressure field rather than the subsequent
vapor dynamics. This modeling level is adequate for the stated inverse-sizing demonstra-
tion under a consistent set of assumptions, but the resulting throat diameter remains
model-dependent. Sensitivity to alternative turbulence closures or boundary-condition
formulations, and comparison with an external Venturi benchmark, were not performed;
consequently, the converged value of 10.56 mm is conditional on the adopted model and
boundary conditions and should not be interpreted as a benchmark-validated or model-
independent prediction.

The physical pressure criterion is independent of the pressure reference provided
that absolute and gauge pressures are converted consistently; inconsistent reference con-
ventions would instead alter the numerical target and the resulting diameter. Transient
multiphase and three-dimensional analyses remain necessary for prediction of vapor-vol-
ume evolution, cloud shedding, collapse intensity, erosion-related quantities, and un-
steady cavitation dynamics.

A fully developed turbulent velocity profile was prescribed at the inlet using a one-
seventh power-law distribution,
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r \1/7
Vax (1) = Vinmax (1 - R_> (16)
mn
where v,,(r) is the local axial inlet velocity at radial coordinate, r and v, 4, is the
maximum axial inlet velocity, and R;, is the inlet radius.

The value of v, e, Was selected so that the section-averaged inlet velocity matched
the prescribed mass flow rate. In the present case, Viymay =1.95ms™* and R;, =
0.020 m. The radial velocity component at the inlet was set to zero. A zero-gauge-pressure
condition was prescribed at the outlet, while no-slip conditions were imposed at the solid
walls. An axisymmetric boundary condition was applied along the centerline.

The inlet turbulence quantities were estimated from a turbulence intensity of I = 4%
and a turbulence length scale equal to [y, = 0.07D;,. The turbulent kinetic energy and
turbulent dissipation rate were calculated as

3

k= E(Ivm)z, e=C (17)
where k is the turbulent kinetic energy, € is the turbulent dissipation rate, I is the tur-
bulence intensity, v;, is the section-averaged inlet velocity, l;,,}, is the turbulence length
scale, and C, = 0.09 is the standard k-¢ model constant [31]. The corresponding inlet
values were k = 0.0062 m?s™? and & = 0.0286 m? s~. The computational domain was
initialized using the same one-seventh power-law velocity profile prescribed at the inlet,
while the initial radial velocity was set to zero.

The numerical configuration used for the demonstration case is summarized in Table
3. The table reports the computational workflow, modeling assumptions, boundary con-
ditions, turbulence inputs, mesh settings, and computational cost adopted in the finite-
element simulations.

Table 3. Numerical model configuration used for the demonstration case.

Category Setting
Computational Parametric CAD generation and meshing in Salome-Meca;
workflow finite-element flow solution in Elmer FEM
Geometry Two-dimensional axisymmetric longitudinal
representation section of the circular Venturi
Flow formulation Steady-state incompressible turbulent flow

Standard k- RANS model with Reichardt

Turbulence model .
wall functions

Inlet boundary One-seventh power-law axial velocity profile v, (r), with
condition Vinmax = 1.95 ms~?; radial velocity set to 0 ms™*
Outlet boundary condition 0 Pa gauge pressure
Wall and symmetry No-slip condition at solid walls; axisymmetric boundary
conditions condition along the centerline

I =4%, lyyp = 007D,

k =0.0062m?s72, £ =0.0286m?s3
Four-node structured quadrilateral finite elements with
Mesh boundary-layer refinement; growth factor 1.15; first wall-
layer element size 2.0 x 1077 m

Turbulence inlet values

Adopted mesh size Approximately 10° computational nodes

Computational cost Approximately 22 min per simulation for the adopted
mesh and hardware

Note: v,,(r) denotes the local axial velocity profile prescribed at the inlet, whereas v;, denotes
the section-averaged inlet velocity reported in Table 2. The quantities k and ¢ are inlet turbulence

boundary values estimated from the inlet-flow conditions, while [;,,;, denotes the turbulence

https://doi.org/10.3390/jmmp10080285


https://doi.org/10.3390/jmmp10080285

J. Manuf. Mater. Process. 2026, 10, 285 17 of 32

length scale. The reported computational time is indicative and refers to the adopted mesh resolu-

tion and hardware used for the demonstration case.

The computational domain was discretized using a structured quadrilateral mesh
with boundary-layer refinement. A mesh-sensitivity study was carried out to identify a
mesh resolution capable of providing stable throat-pressure predictions while maintain-
ing acceptable computational cost.

The static pressure at the throat centerline was adopted as the convergence variable
because it provides a stable, repeatable, and numerically robust scalar quantity for the
automated iterative sizing procedure. This choice should not be interpreted as assuming
that cavitation necessarily initiates along the centerline; rather, it defines a design-oriented
criterion for the inverse hydraulic sizing workflow. Predicting the exact spatial location of
cavitation inception would require dedicated multiphase cavitation modeling and exper-
imental validation and is beyond the scope of the present analysis.

The mesh-sensitivity analysis was performed using a throat diameter of 9 mm, cor-
responding to a demanding hydraulic configuration with high velocity and large pressure
gradients. As shown in Figure 6, the predicted throat pressure progressively stabilized as
the mesh was refined. The results for the two finest meshes and the criterion adopted for
the final mesh selection are summarized in Table 4. Increasing the mesh resolution from
79,974 to0 103,670 computational nodes changed the predicted throat-centerline static pres-
sure from —181.3 to —185.5 kPa gauge, corresponding to a relative difference of 2.3%. The
mesh containing 103,670 computational nodes was therefore adopted as a compromise
between throat-pressure stability, pressure-field resolution, and computational cost.

0.2 0.4 0.6 0.8 1 1.2

e Adopted mesh ~ 10°nodes

-0.8

-1.2
-1.4

-1.6

ThroaT pressure (10° Pa)

0
§
0
0
I
f
-1.8 :
0

Computational nodes (10°)

Figure 6. Mesh-sensitivity assessment based on the static pressure evaluated at the throat centerline.
The mesh containing approximately 1.0 X 10° computational nodes was adopted as a compromise

between pressure-field resolution and computational cost.

Table 4. Mesh-sensitivity results for the two finest discretizations and selection of the adopted mesh.

Mesh Case Computational Throat-Centerline Pressure, Relative Status
Nodes p:. (kPa gauge) Difference (%)
M1 79,974 -181.3 .Reference f.o '
final comparison
M2 103,670 -185.5 2.3 Adopted mesh

Note: p,. denotes the static pressure evaluated at the throat centerline and reported as gauge pres-

sure. The relative difference was calculated with respect to mesh M1. Mesh M2 was adopted because
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the predicted pressure changed by 2.3% while maintaining an acceptable computational cost. The
dash indicates not applicable.

Representative details of the adopted mesh are shown in Figure 7. The panels illus-
trate the inlet-region mesh, the converging section, the throat region, and the diverging
section. Mesh refinement was concentrated near the wall and in the regions where velocity
gradients and pressure variations are most relevant to the prediction of cavitation incep-
tion.

Figure 7. Representative details of the structured quadrilateral mesh used in the axisymmetric Ven-
turi model: (a,b) inlet-region mesh details; (c) mesh in the converging section; (d) mesh in the throat
region; (e) mesh detail in the diverging section. Boundary-layer refinement is visible near the wall,
with increased resolution in the regions most relevant to velocity gradients and throat-pressure pre-

diction.

The adopted discretization was used for all subsequent simulations in the iterative
workflow. This choice provided a compromise between numerical stability, pressure-field
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resolution in the throat region, and computational efficiency during repeated geometry
regeneration and solution.

5.4. Automated Cavitation-Inception Workflow

The throat diameter associated with cavitation inception was determined through an
automated iterative workflow. The procedure couples analytical initialization, parametric
geometry generation, mesh generation, finite-element CFD simulation, post-processing,
residual evaluation, and iterative updating. Each iteration generates a candidate Venturi
geometry, evaluates the corresponding throat pressure through CFD, and updates the an-
alytical design condition used in the subsequent iteration.

The workflow follows a predictor-corrector strategy. A one-dimensional Bernoulli
model is employed as a computationally inexpensive predictor of the throat diameter,
whereas the finite-element CFD solution provides the pressure-field correction required
to account for viscous, turbulent, and local hydraulic losses neglected by analytical ap-
proximations. The objective of the procedure is not to reconcile the analytical and CFD
inlet pressures, but to iteratively identify the throat diameter for which the CFD-predicted
throat pressure satisfies the prescribed cavitation-inception criterion.

The complete computational sequence is shown in Figure 8. The workflow starts with
the prescribed mass flow rate, fluid properties, target cavitation pressure, and an initial
analytical estimate of the inlet pressure. The Bernoulli model is then used to compute a
candidate throat diameter. The corresponding Venturi geometry is generated parametri-
cally, discretized using the mesh strategy described in Section 5.3, and analyzed with the
finite-element CFD model. After convergence of the numerical solution, the static pressure
at the throat is extracted and compared with the prescribed cavitation-inception target.

At the beginning of the procedure, an initial inlet-pressure estimate was assigned,
and the iteration counter was set to i = 0. The initial pressure estimate was selected
higher than the ideal Bernoulli value in order to account, at first approximation, for hy-
draulic losses neglected in the analytical calculation.

Using the prescribed mass flow rate and the current inlet-pressure estimate, a candi-
date throat diameter d,; was computed from the one-dimensional Bernoulli model intro-
duced in Section 5.2. The Bernoulli calculation is used exclusively as an inexpensive pre-
dictor of the throat diameter during each iteration. Since the Bernoulli formulation ne-
glects viscous dissipation, turbulence, and local hydraulic losses, the analytical inlet-pres-
sure estimate generally differs from the pressure field obtained from the CFD solution.
Consequently, this quantity should not be interpreted as the physical inlet boundary con-
dition of the CFD model, but as an internal variable of the inverse sizing algorithm. At
each iteration, it is updated according to the discrepancy between the CFD-predicted
throat pressure and the prescribed cavitation-inception pressure, and the updated value
is used solely within the Bernoulli predictor to generate the throat diameter for the subse-
quent CFD iteration.

The candidate throat diameter d,; was then used to generate the corresponding
Venturi geometry. The updated geometry was meshed using the structured axisymmetric
discretization described in Section 5.3, and a steady-state finite-element CFD simulation
was performed. After convergence of the numerical solution, the static pressure at the
throat, p,;, was extracted during post-processing and compared with the prescribed cav-
itation-inception pressure.

Because the outlet boundary condition was prescribed as 0 Pa gauge, atmospheric
pressure was used as the gauge-pressure reference. Thus, 0 Pa gauge corresponds to
101,325 Pa absolute. At 20 °C, the water vapor pressure is 2339 Pa absolute, which corre-
sponds to 2339 — 101,325 = —98,986 Pa gauge. This value was rounded to p. =
—99,000 Pa gauge for the iterative workflow. Therefore, the negative gauge-pressure
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target does not represent a negative absolute pressure, but the gauge equivalent of the
condition in which the local throat pressure approaches the absolute vapor pressure of

water.
( START ] INPUT DATA
Mass flow rate m
l Target cavitation pressure
INITIALIZATION P = —99,000 Pa (gauge)
Set initial inlet pressure py, o and le—| Fluid properties p, i
iteration counter i = 0. Initial inlet-pressure
estimate Pino = 1.2 Pin,Bernoulli
v
@ ANALYTICAL ESTIMATION OUTPUT
> Compute d.; from m and pjy,; using the > d,; throat-diameter estimate
one-dimensional Bernoulli model.
e i N
GEOMETRY GENERATION
@ Generate the Venturi geometry
with throat diameter d; ;.
l LEGEND
MESH GENERATION m=mass flow rate;
@ Generate the 2D axisymmetric Pin= inlet pressure;
computational mesh. p:= throat pressure;
AUTOMATED p.=target pressure;
COMPUTATIONAL ‘L R.= residual:
PIPELINE i~ residuag
CFD SIMULATION ‘5;::: pressure tolerance
@ Run the finite-element simulation
steady-state RANS k-¢.
v
POST-PROCESSING OUTPUT
@ Extract throat pressure p, ; T Pe; throat pressure
from the CFD results.
\. i J
RESIDUAL EVALUATION ~ output
@ Compute the residual: > R; residualtargetR; — 0
Ri =D — P
INLET-PRESSURE UPDATE
Update inlet pressure:
Pini+1 = Pini + Ry
@ CONVERGED SOLUTION
NO CONVERGENCE The throat diamet.er Thazm
CHECK corresponding
IR |< 68,2 to cavitation inception is
il="9Yp <

obtained.

Figure 8. Automated computational workflow used to identify the throat diameter associated with
cavitation inception. The procedure couples analytical initialization, parametric geometry genera-
tion, mesh generation, finite-element CFD simulation, post-processing, residual evaluation, and an-
alytical inlet-pressure-estimate updating until the pressure residual satisfies the prescribed conver-
gence tolerance. Blue elements denote initialization, analytical estimation, and input/output infor-
mation; green elements denote the automated computational pipeline and converged states; orange
elements denote residual evaluation and pressure updating; and the red diamond denotes the con-

vergence check.
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The pressure residual at iteration i was defined as
Ry =p¢i —pc (18)

where R; is the pressure residual at iteration i, p;; is the computed static pressure at the
throat, and p, is the prescribed cavitation-inception pressure.

The residual was then used to update the inlet-pressure estimate for the following
analytical calculation according to

Pini+1 = Pini + Ri (19)

where p;,; is the inlet-pressure estimate used at iteration i, and p;;,;;; is the updated
inlet-pressure estimate for the following iteration. With the adopted sign convention, a
positive residual indicates that the computed throat pressure remains above the pre-
scribed cavitation threshold; the analytical inlet-pressure estimate is therefore increased,
leading the Bernoulli predictor to generate a smaller throat diameter in the following iter-
ation. Conversely, a negative residual produces the opposite correction. This update is an
internal step of the inverse hydraulic-sizing algorithm and should not be interpreted as
either a physical inlet boundary condition or a plant-level pressure-control strategy.

The updated inlet-pressure estimate was then used to compute a new candidate
throat diameter, after which geometry generation, mesh generation, CFD simulation,
post-processing, and residual evaluation were repeated. Convergence was considered
achieved when the absolute residual became smaller than the prescribed pressure-resid-
ual tolerance,

[R;| <6, (20)

where &, is the pressure-residual tolerance adopted for the iterative procedure.

Accordingly, convergence is assessed on the CFD-predicted throat pressure and on
the resulting throat diameter, rather than on agreement between the analytical and CFD
inlet pressures. The converged analytical inlet-pressure estimate has no direct physical
interpretation as the inlet pressure of either the CFD model or the hydraulic system. Its
sole purpose is to compensate, within the analytical Bernoulli predictor, for the losses ne-
glected by the idealized formulation while preserving the computational efficiency of the
inverse sizing procedure.

The resulting workflow establishes a direct computational link between operating
conditions, throat geometry, and the pressure criterion associated with cavitation incep-
tion. Within the DCVA framework, the identified throat geometry is not only a design
outcome but also a candidate operating configuration. The procedure therefore combines
the computational efficiency of an analytical predictor with the higher physical fidelity of
the CFD solution, providing a practical tool for preliminary DCVA configuration, com-
missioning-map development, and, where required, as the starting point for higher-fidel-
ity cavitation simulations and experimental validation.

5.5. Convergence and Demonstration Outcome

The automated cavitation-inception workflow converged after eight iterations. Dur-
ing the iterative sequence, the throat diameter progressively approached the value re-
quired to satisfy the prescribed cavitation-inception pressure under the adopted modeling
assumptions. The final converged throat diameter was d; .y, = 10.56 mm, correspond-
ing to 0.01056 m.

To report convergence in normalized form, the pressure residual defined in Equation
(18) was expressed as a relative residual,
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[R;]
[pcl

0, . . . . . . . .
where R} is the relative pressure residual at iteration i, R; is the pressure residual de-

R =100 (21)

fined in Equation (18), and p, is the cavitation-inception pressure target used in the CFD-
based iterative workflow.

The residual evolution is shown in Figure 9. The relative residual decreased from
56.45% at the first iteration to 0.17% at the eighth iteration. A small intermediate in-
crease occurred between iterations 5 and 6. This local non-monotonicity reflects the cou-
pled update of the inlet-pressure estimate, the regenerated throat geometry, and the CFD-
predicted throat pressure. It does not affect the overall convergence of the workflow to-
ward the prescribed cavitation-inception condition.

60%
50%
S 40%

30%

Relative pressure
residual, R,%(

10%

0%
0 1 2 3 4 5 6 7 8 9

lteration number

Figure 9. Relative pressure residual R} as a function of iteration number during the automated
cavitation-inception workflow. The residual is expressed as a percentage of the absolute value of

the target throat pressure used in the CFD-based iterative procedure.

The corresponding evolutions of the throat diameter, the analytical inlet-pressure es-
timate used by the Bernoulli predictor, the inlet pressure computed from the CFD solu-
tion, and the CFD-computed centerline axial velocity at the throat are shown in Figure 10.
During the iterative procedure, the analytical inlet-pressure estimate was updated from
the throat-pressure residual and used only to generate the next candidate throat diameter.

It approached 261,385 Pa absolute, whereas the CFD-computed inlet pressure at the
final iteration was approximately 306,211 Pa gauge. These two quantities have distinct
roles and pressure references and are therefore not expected to coincide. The throat diam-
eter converged toward d; oy = 10.56 mm, with a final pressure mismatch of approxi-
mately 0.168 kPa and a relative residual of 0.17%.

Table 5 reports the results of the eight iterations.

Table 5. Results of the eight iterations.

Iteration Throat Diameter (mm) Absolute Residual (kPa) Relative Residual (%)

1 12.85 55.886 56.45
2 11.55 29.730 30.03
3 11.12 19.444 19.64
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4 10.88 13.494 13.63
5 10.73 5.465 5.52
6 10.67 6.108 6.17
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Figure 10. Evolution of the principal sizing variables during the automated cavitation-inception
workflow: (a) throat diameter; (b) analytical inlet-pressure estimate used by the Bernoulli predictor;
(c) inlet pressure computed from the CFD solution; (d) CFD-computed centerline axial velocity at
the throat. The throat diameter converges toward d; o,y = 10.56 mm. The quantities shown in
panels (b,c) have different computational roles and pressure references and are therefore not ex-

pected to coincide.

To examine the hydraulic response to throat reconfiguration, Figure 11 compares the
initial configuration, with d; = 12.85 mm, and the converged configuration, with d, =
10.56 mm. As the throat diameter decreased, the centerline axial velocity at the throat
increased from 18.37 to 28.51 m s, while the throat static pressure decreased from ap-
proximately -43.1 to —98.8 kPa gauge. In both configurations, the pressure decreases
through the converging section, reaches its minimum in the throat region, and recovers
downstream in the diffuser, whereas the velocity field shows the corresponding accelera-
tion toward the throat and deceleration after it. The comparison therefore shows the cou-
pled pressure and velocity response produced by the iterative throat-diameter adjust-
ment.
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Figure 11. Comparison of the hydraulic fields for the initial and converged throat configurations.
Left column: initial configuration with d, = 12.85 mm; right column: converged configuration with
d, = 10.56 mm. (a,b) Static-pressure fields; (c,d) axial static-pressure profiles along the centerline;
(e,f) velocity-magnitude fields; (g h) axial velocity profiles along the centerline. The color scales are
reported separately for each configuration; static pressure is expressed in Pa gauge and velocity
magnitude in ms™?.

The principal hydraulic quantities obtained at the converged geometry are summa-
rized in Table 6.

Table 6. Principal hydraulic outputs at the converged configuration (d¢ cony = 10.56 mm).

Hydraulic Output Symbol Value
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CFD-computed inlet pressure Pin,CFD 306.211 kPa gauge
Outlet pressure Dout 0 kPa gauge
Throat-centerline static pressure Ptc -98.83 kPa gauge
Inlet-to-outlet pressure drop Ap 306.211 kPa
Section-mean throat velocity Ve 22.88 ms™!
Throat Reynolds number Re, 241 x 105

Note: Gauge pressures are referenced to the prescribed outlet pressure of 0 Pa gauge. The inlet pres-
sure is obtained from the CFD solution rather than imposed as an inlet boundary condition. The
pressure drop was calculated as Ap = pjn crp — Pout- The section-mean throat velocity was calcu-

lated from mass continuity, and Re; = pv,d; cony/H.

The numerical demonstration shows that the throat diameter associated with cavita-
tion inception can be identified through an automated parametric workflow combining
analytical initialization, geometry generation, mesh generation, finite-element CFD simu-
lation, post-processing, and residual-based updating. Within the DCVA framework, this
result is relevant because the throat diameter is not only a fixed design output, but also a
candidate configuration variable for reconfigurable operation.

6. Discussion

A conventional Venturi operates with a fixed geometry and, under given plant con-
ditions, imposes a cavitating operating point mainly determined by the throat section. The
DCVA introduces a geometric operating variable, since the equivalent throat diameter d,
can be adjusted during operation. For a given flow rate and pressure condition, varying
d, changes the characteristic throat velocity and allows the cavitation regime to be shifted
within a target operating window without modifying the external plant interfaces.

This aspect is relevant for complex liquids, where fluid properties and operating con-
ditions may vary over time. In such cases, a fixed geometry sized for a single operating
point may become suboptimal or insufficiently robust. Internal reconfiguration therefore
decouples plant integration, which remains unchanged, from cavitation-regime control,
which becomes adaptable.

Compared with previous variable-area or adjustable Venturi devices, the DCVA is
not proposed only as a mechanical solution for changing the throat opening. Existing de-
vices already show that modifying the effective flow area can regulate flow rate, pressure
drop, or cavitation onset [12-15]. The distinctive contribution of the DCVA framework is
the organization of internal geometric reconfiguration into a control-oriented structure. In
this structure, the internal Venturi geometry is described through equivalent geometric
parameters, bounded by an admissible design space, connected to plant-measurable indi-
cators, and supported by commissioning and numerical configuration maps.

The introduction of the design space 2 makes it possible to distinguish between con-
ceptually admissible geometries and the subset effectively reachable within a given archi-
tecture. In DCVA-S, exploration is essentially one-dimensional, because the directly actu-
ated degree of freedom is d,, whereas the equivalent throat-region length and effective
transition angles are fixed by design or induced by the kinematics. In DCVA-M, reconfig-
uration is driven by station control inputs belonging to U, generating a family of coupled
internal profiles in which d,, L., a;,, and a,,, vary together.

DCVA-S and DCVA-M should therefore be viewed as two implementations of the
same general concept rather than as competing solutions. DCVA-S prioritizes simplicity,
repeatability, and direct calibration-map-based operation. DCVA-M expands the accessi-
ble configuration range by allowing not only throat modulation but also changes in tran-
sition shape and throat extent. This additional flexibility may be useful when more artic-
ulated cavitation-regime adjustment is required, but it also requires stricter definition of
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admissible configurations, more extensive calibration, and more careful operational man-
agement.

The numerical demonstration provides quantitative support for the proposed frame-
work by connecting the parameterized circular Venturi geometry to a cavitation-inception
design target. The convergence of the throat diameter toward d; ¢y = 10.56 mm, with a
final relative residual of approximately 0.17%, supports CFD-assisted configuration se-
lection within the DCVA design logic.

The geometric, hydraulic, and control elements of the DCVA framework are inte-
grated in Figure 12. Plant and process inputs define the operating requirements and con-
straints; architecture-specific control variables determine an admissible internal geometry
within the design space £2; hydraulic characterization and commissioning data then sup-
port configuration selection and subsequent updating from plant measurements.

Hydraulic
Plant and process inputs characterization
/ measurements a,Ap Supervisory control logic
(Pins Pous @ T) CFD and commissioning
maps

4
1

Admissible geometry
within £2
(deJ Lr: ain’ aout)

DCVA command
(x oru)

Cavitation / process
response

Figure 12. Unified design and operating logic of the DCVA framework. Plant and process inputs
define the operating requirements and constraints; DCVA-S or DCVA-M control variables deter-
mine an admissible internal geometry within the design space 2; hydraulic characterization
through &, pressure-drop assessment, commissioning maps, CFD, and experimental calibration
supports configuration selection and subsequent feedback updating based on plant measurements.
The dashed arrow indicates feedback from the cavitation/process response to the plant-input and

measurement stage.

In a closed-loop implementation, plant measurements would be used to update the
operational indicator and compare it with a target cavitation window or process-perfor-
mance criterion. The supervisory controller could then adjust the single control variable
x in DCVA-S or select and update an admissible profile in DCVA-M, while enforcing
pressure-drop, actuator-stroke, liner-deformation, and smoothness constraints. The com-
missioning maps introduced in the present framework can therefore serve as a basis for
future adaptive feedback control, rather than only as open-loop lookup tables.

Within this framework, & is used as an operational proxy connecting plant-measur-
able quantities to the equivalent device geometry through d.. The proxy supports cali-
bration-map construction, comparison among configurations, and selection of operating
settings under a consistent estimation criterion. At the same time, 6 does not replace di-
rect measurement of the local cavitation number at the throat and should be interpreted
in light of the assumptions behind the velocity estimate and distributed pressure losses.

The hydrodynamic description is therefore intentionally limited to a control-oriented
operating indicator and does not constitute a full cavitation-flow model. Reynolds-num-
ber effects, turbulence, vapor volume fraction, dissolved gas content, choking, pressure
recovery, cavitation shedding, erosion, and three-dimensional flow structures are ex-
pected to influence the actual cavitation regime. These effects require dedicated numerical
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analysis, experimental diagnostics, or application-specific benchmarking as the present
CFD model is intended as a computational component of the DCVA design workflow
rather than as a high-fidelity cavitation model.

In subsequent implementations, & may be replaced or complemented by CFD-based
or experimentally derived response maps linking admissible DCV A configurations to cav-
itation indicators, pressure fluctuations, and process outcomes. The same numerical
model could also provide a virtual sensing layer, estimating throat-region hydraulic con-
ditions from measurable quantities such as inlet pressure and process flow rate, since di-
rect pressure measurement in the throat may be intrusive or difficult under high-velocity
cavitating conditions. If calibrated and validated experimentally, this workflow could
provide the computational basis for future physics-based digital-twin development.

Engineering reproducibility is addressed by defining the DCVA through explicit ge-
ometric and kinematic parameters, rather than through a single fixed geometry. Applica-
tion-specific dimensions and material choices are not prescribed, since they depend on the
intended duty, device scale, pressure range, material compatibility, and implementation
constraints.

Repeatability is instead addressed through commissioning, by measuring the rele-
vant geometry mappings and defining the corresponding operating maps.

The adoption of a reconfigurable Venturi also introduces mechanical and material
constraints. The repeatability of the equivalent geometry may be affected by hysteresis
and mechanical tolerances, while liner durability depends on stress distribution and cyclic
deformation. Material selection should therefore account for tensile behavior and elasto-
mer performance under repeated deformation [26,27]. Chemical compatibility, allowable
strain, fatigue resistance, and reinforced-elastomer behavior also remain implementation-
specific constraints [28,29].

Hydraulic benchmarking is likewise required. Each implementation should be com-
pared with fixed-geometry and variable-area Venturi devices in terms of pressure drop,
cavitation onset, operating stability, and flow-control behavior [32-34]. Broader cavita-
tion-device studies further indicate that device architecture, scale, and intended process
duty strongly affect practical applicability and technology transfer [35,36].

Consistent with this scope, the figures are intended as functional schematics of the
proposed architectures rather than as manufacturing drawings or experimental layouts.
Quantitative engineering information such as absolute dimensions, tolerances, actuation
strokes, material specifications, pressure-tap locations, and measurement plans must be
defined for a selected prototype scale and process duty.

The proposed framework is particularly relevant for industrial processing applica-
tions in which properties of the treated medium may vary during treatment and stable
control of the cavitation regime is desirable. In such cases, the DCVA can operate as a
reconfigurable development platform for exploring candidate configurations and identi-
fying suitable operating windows. It may also support adaptive in-line operation when
process conditions or treatment targets change over time. This perspective is consistent
with recent studies emphasizing cavitation-intensity assessment, three-dimensional flow
effects, and data-driven optimization in Venturi cavitation systems [37-39].

From a recycling- and resource-valorization-oriented perspective, the main potential
interest of the DCVA framework lies in supporting future hydrodynamic cavitation de-
vices that are more adaptable to real waste and by-product streams. In food-processing
liquids, matrix properties and treatment objectives may vary substantially during opera-
tion [40,41]. In waste-derived streams or biomass suspensions, composition, solid fraction,
and extractable compounds may vary between batches or during treatment. Adaptive ge-
ometric reconfiguration could therefore be explored as a future strategy to maintain the
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cavitation regime within a useful operating window, reduce over-conservative operation,
and support more resource-efficient valorization routes [42,43].

On this basis, the next stages of development may include calibration of the control-
to-geometry relationship, construction of configuration-6 maps under representative op-
erating conditions, verification of the accessible operating window in terms of pressure
drop, and correlation of configuration changes with independent cavitation indicators
and process outcomes.

7. Conclusions

The Dynamic Circular Venturi Adaptive (DCVA) was formulated as a framework for
circular Venturi devices with reconfigurable internal geometry. The approach preserves
the external body and plant interfaces while treating the internal Venturi profile as an
adjustable operating variable. This enables cavitation-regime modulation beyond the lim-
itations of a fixed geometry selected for a single nominal operating condition.

The framework defines equivalent geometric parameters, an admissible design-space
logic, and an operational cavitation proxy based on plant-measurable quantities. Two rep-
resentative implementations were considered: DCVA-S, based mainly on single-parame-
ter throat modulation, and DCVA-M, based on multiparametric profile reconfiguration.
Together, they describe different balances between mechanical simplicity, accessible con-
figuration range, and calibration requirements.

The automated CFD-assisted workflow converged after eight iterations to a throat
diameter of 10.56 mm, with a final pressure mismatch of 0.168 kPa and a relative resid-
ual of 0.17%. These results demonstrate that the parametric procedure can identify a can-
didate throat configuration associated with the prescribed cavitation-inception condition
and support commissioning-map development.

The principal advantage of the DCVA framework is that the internal geometry can
be adjusted while the external body and plant connections remain unchanged, enabling
cavitation-regime adaptation without replacing the in-line device.

At the framework level, the throat adjustment range is defined by d < d, < D, cor-
responding to x € [0,1]. A device-level numerical adjustment range and response time
cannot be specified because they depend on actuator selection, available stroke, liner
properties, pressure loading, and prototype scale; their determination requires mechani-
cal realization and experimental characterization under representative operating condi-
tions.
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DCVA-M Dynamic Circular Venturi Adaptive Multiparametric
DVRA Dynamic Venturi Reuleaux Actuated

CFD Computational Fluid Dynamics

RANS Reynolds-Averaged Navier—Stokes
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