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The object of this study is the flow of a vis-
cous incompressible fluid in a nozzle-flapper
valve used as part of the free turbine speed con-
troller in the HP-3 pump-regulator of the TV3-117
turboprop helicopter engine. The task addressed
relates to a need for detailed calculations of the
fluid flow because of unsatisfactory operation
of the valve under actual operating conditions.
An additional difficulty was the contradictory
data on the characteristics of such valves in the
literature, which made it impossible to deter-
mine the flow characteristics and directions for
improving the design.

This paper reports the results of numerical
calculations of the flow in the valve performed in
the SolidWorks Flow Simulation environment.
A mathematical model is proposed that takes
into account the influence of the design mesh on
the accuracy and computational time volume, as
well as ways to improve accuracy without a sig-
nificant increase in resources. The model was
verified by comparing it with the manufacturer’s
experimental data. The results have made it pos-
sible to solve the problem through the detailed
construction of the model taking into account the
valve geometry and optimization of the compu-
tational mesh, which ensured a balance between
accuracy and computational speed.

The results are attributed to the application
of state-of-the-art hydrodynamic calculation soft-
ware, precise mesh tuning, as well as proper val-
idation of the model to reflect the actual physical
processes in the valve. The model built makes it
possible to study the flow in the valve and could
be used to analyze the impact of manufactur-
ing defects. The model is suitable for parametric
studies and modification of valves in helicopter
engines of the TV3-117 type or similar systems.
The model could also be adapted for other sys-
tems requiring flow analysis in similar valves
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ing, stagnant zone, vortex flow
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1. Introduction

Physical experiments are expensive and time-consuming,
especially at the stages of manufacturing and debugging pro-
totypes. One way to reduce costs is to numerically simulate
physical processes in hydraulic systems, in particular in noz-
zle-gate valves, to calculate their integral characteristics. Un-
der current conditions, the study of viscous fluid flow in such
valves is relevant since it makes it possible to eliminate the in-
stability of aviation systems and reduce the cost of physical ex-
periments. The relevance is confirmed by a number of studies.
Work [1] emphasizes that numerical modeling in SolidWorks
is an effective tool for analyzing hydraulic systems, which
reduces the need for expensive physical tests, providing high
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accuracy of prediction. Study [2] notes the complexity of mod-
eling turbulent flows in small hydraulic elements, which in-
dicates the need to improve numerical methods to ensure the
stability of characteristics. In [3], attention is focused on the
problem of instability of nozzle-flap valve characteristics due
to vortex effects, which emphasizes the need for detailed mod-
eling to improve the performance of the systems. In [4], it is
shown that the instability of the speed controller in turboshaft
engines causes rotor oscillations, confirming the importance
of the stability of hydraulic components for aircraft engines.

In [5], the quality of solenoid valves was investigated using
the Six Sigma methodology, demonstrating the importance of
accurate analysis of design features to ensure stability, similar to
the needs of aviation valves. In [6], it was noted that the instability




of hydraulic valves in transportation systems reduces safety and
efficiency, which is similar to the problems of aviation systems,
where valve stability is critical. In [7], the need to reduce the
cost and time for diagnostics of aviation equipment due to the
complexity of its components is emphasized, which justifies
the use of numerical modeling for optimizing designs. These
works confirm that research aimed at increasing the stability
of hydraulic valve characteristics through numerical modeling
is relevant for ensuring the reliability and efficiency of complex
technical systems. The lack of data on the nozzle-flap valves of
the HP-3 pump-regulator in the TV3-117 engine, in particular
due to the contradictory results of experiments, causes instabil-
ity of the characteristics, which leads to unacceptable fluctua-
tions in the frequency of rotation of the helicopter’s main rotor.

Thus, studies on numerical modeling of the flow in noz-
zle-flap valves are relevant for ensuring the quality and stabil-
ity of the operation of aviation systems.

2. Literature review and problem statement

In [8], a numerical simulation of the flow in a hydraulic
control valve with a variable throttle area used in aviation sys-
tems was performed. Optimization of geometric parameters,
such as the position of the flap, reduces the vortex zones by
15% and improves the stability of the flow. However, the study
does not consider the specific features of nozzle-flap valves,
such as the HP-3 of the TV3-117 engine, where local vortex
effects and stagnation zones significantly affect the stability
of the regulator. This indicates the need to build models that
take these factors into account. In [9], a numerical simulation
of transient flow regimes in RANS models for large hydraulic
systems was investigated. It was shown that these models
are effective for predicting flows, but they do not take into
account local vortex zones in small valves, such as nozzle-flap
valves, due to the complexity of setting up the computational
grid. This limits their applicability to the HP-3 valve, where
vortex effects are critical.

In study [10], the use of neural networks for the recon-
struction of the flow around the cylinder was proposed, which
increases the accuracy of predicting turbulent flows. How-
ever, the specificity of nozzle-flap valves is not considered,
and the method requires significant computational resources,
which complicates its application to aviation systems, in par-
ticular for the HP-3 valve.

In [11], large-eddy simulation (LES) of the flow around
the cylinder was performed using a neural network for the
sub grid model. Although the method provides high accuracy
in predicting vortex zones, adaptation to the geometry of noz-
zle-flap valves was not carried out due to the difference in de-
signs, which reduces the relevance of the results for this object.

Paper [12] describes the capabilities of SolidWorks Flow
Simulation for hydrodynamic calculations. The tool is effective
for flow modeling but the issue of model verification for small
valves, such as the HP-3, remains open due to the lack of detail
under specific geometric features and operating conditions.

Study [13] considers the selection of valves for control
circuits, emphasizing the importance of hydraulic resistance.
However, the effect of vortex zones on the stability of char-
acteristics is not investigated due to the simplified modeling
approach, which does not solve the problem of conflicting
data on the HP-3 valve flow coefficient.

The use of deep learning for large-eddy modeling of tur-
bulent flows in wall flows is analyzed in [14]. The method

shows potential but the lack of adaptation to small hydraulic
valves, such as nozzle-flap valves, limits its applicability to
aviation systems.

In works [15-18], aspects of quality and safety manage-
ment of technical systems are investigated but they do not
concern hydrodynamics. In particular, in [15], qualimetry
methods for assessing the occupational safety management
system are considered, and in [16, 17], functional dependences
for assessing safety are investigated, without an emphasis on
hydraulic components. In [18], methods for quality control
over fuel element cladding of nuclear reactors are proposed,
which is not related to aviation valves. These works do not
solve the problem of instability of the characteristics of the
HP-3 valve due to the lack of connection with hydrodynamics.

In [11, 19-23], large-eddy modeling and machine learning
for turbulent flows were investigated. In particular, in [11], LES
of the flow around a cylinder was performed with a neural sub
grid model, and in [19], a wall model for LES of the flow around
a cylinder was proposed. In [20, 21], hydraulic accumulator mon-
itoring systems were described, and in [22, 23], neural networks
were used to model turbomachinery flows and sub grid stresses.
These works demonstrate progress in flow modeling but are not
adapted to the geometry and operating conditions of nozzle-flap
valves, which reduces their applicability to the NR-3 valve.

In [24, 25], active control of flows around a cylinder using
machine learning and deep learning was considered. Although
these methods are promising for modeling turbulent flows,
they do not take into account the specificity of small hydraulic
valves, such as the HP-3, due to differences in geometry and
operating modes.

Our review of the literature demonstrates that, despite
significant progress in numerical flow modeling and stability
analysis of hydraulic systems, the issues of flow modeling in
the nozzle-gate valves of the HP-3 pump-regulator remain
insufficiently studied. The main gaps are:

- lack of detailed models that take into account vortex and
stagnation zones in small valves;

- contradictory data on the flow coefficient due to the
complexity of the experiments;

- limited adaptation of modern methods, such as LES or
neural networks, to aviation valves due to their specific geom-
etry and operating modes.

Those gaps cause instability of the characteristics of the
NR-3 valve, which leads to fluctuations in the frequency of
rotation of the helicopter main rotor.

Thus, it is advisable to build a numerical model of the flow
in the NR-3 nozzle-flap valve to eliminate contradictions and
improve the stability of its operation.

3. The aim and objectives of the study

The purpose of our study is to build a computer model of
the flow of a viscous incompressible fluid in the nozzle-damper
valve of the pump-regulator HP-3 to eliminate contradictions
in the flow characteristics and take into account nonlinear
effects and design features. This will make it possible to in-
crease the stability of the operation of the free turbine speed
regulator of the TV3-117 engine and optimize the valve design
for practical use in aviation systems.

To achieve the goal, the following tasks were set:

- to construct a numerical flow model in the SolidWorks
Flow Simulation environment taking into account vortex flow
and stagnant zones;



- to determine the optimal parameters of the computa-
tional grid to ensure a balance between calculation accuracy
and time consumption;

- to analyze the influence of the geometric parameters of
the valve (nozzle diameter, damper position) on the flow charac-
teristics, in particular the flow coefficient and Reynolds number.

4. The study materials and methods

The object of our study is the flow of viscous incompress-
ible fluid in the nozzle-gate valve of the HP-3 pump-regulator
of the TV3-117 engine, which affects the stability of the free
turbine speed regulator. The nozzle-gate valve is a key element
of the control system, but its operation under actual operating
conditions is characterized by instability due to the complex
flow of viscous fluid. The structural diagram of the valve that
we had built based on the technical documentation for the
HP-3 pump-regulator, is shown in Fig. 1; it includes a nozzle,
a gate, and an annular gap, where vortex and stagnation zones
are formed, affecting the hydraulic resistance and flow rate.
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Fig. 1. Structural diagram of a nozzle-deflector type valve:
1 — nozzle; 2 — stabilizing spring; 3 — sleeve; 4 — deflector;
5 — retaining ring; 6 — blades

The instability of the valve characteristics causes fluctu-
ations in the frequency of rotation of the helicopter’s main
rotor. Conflicting experimental data on the flow coefficient, as
well as limited information on vortex effects in small hydrau-
lic valves, complicate the development of recommendations
for improving the design. This necessitates the need for nu-
merical simulation of the flow to clarify the physical processes
in the valve and increase the reliability of the TV3-117 engine.
The main design parameters of the valve are dc — nozzle
diameter; h — deflector position; dr — outer diameter of the
nozzle end; L - length of the cylindrical section of the nozzle;
pc - angle of fluid entry into the nozzle.

The hypothesis of the study as-
sumes that numerical simulation of
the flow taking into account vortex
and stagnation zones in the valve could
make it possible to identify the causes
of instability of its characteristics and 1333
offer recommendations for improving 0.667
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stant, which eliminates thermal effects. Simplifications include
ignoring microroughness of valve surfaces; using simplified
valve geometry that retains the main design features (nozzle
diameter, flap position, fluid inlet angle); eliminating the influ-
ence of engine vibrations.

The SolidWorks Flow Simulation software package was
chosen for the study, which is based on the finite volume
method for solving the Navier-Stokes equations. The choice
is justified by the high accuracy of modeling turbulent flows
in complex geometries, the ability to automatically generate
an adaptive mesh, and integration with CAD models, which
simplifies the preparation of the valve geometry. The numer-
ical model was built by solving the Navier-Stokes equations
for a viscous incompressible fluid, taking into account vortex
and stagnation zones. The computational mesh was generated
automatically with adaptive sealing in critical zones (nozzle
entrance, annular gap). To assess the optimality of the mesh,
a sensitivity analysis was performed by varying the cell size,
taking into account the accuracy of predicting vortex zones
and the calculation time. With coarse discretization, small
fragments of the valve are ignored, which leads to a violation
of the no-slip conditions and the appearance of "sources” and
"sinks" of the liquid, as shown in Fig. 2, 3.
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Fig. 2. Calculation grid in the longitudinal section of the valve

«Sources»

Fig. 3. Formation of "sources" when flowing around
a sharp edge

In stagnation zones, insufficiently fine-grained cell divi-
sion causes violation of no-slip boundary conditions, which
reduces the accuracy of the modeling. To analyze the influ-
ence of the grid size, a comparison of the flow in the stagna-
tion zone at different discretization steps was carried out, as
shown in Fig. 4.
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the design. 0
The following assumptions were ad-

opted for the simulation: the fluid is
incompressible with constant viscosity;
the flow is stationary within the specified
conditions; the fluid temperature is con-
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Fig. 4. Formation of "sinks" in the area of stagnant flow: a — valve in the
stagnation zone A4 = 0.1 mm; b — valve in the stagnation zone 4 =0.001 mm



To improve the accuracy, the nozzle and valve were mod-
eled as a set of elements, which made it possible to build
local grids with a small step in critical zones. This approach
ensured correct compliance with boundary conditions and ac-
curate reproduction of vortex zones and hydraulic resistance.

5. Results of investigating the flow in a nozzle-gate
valve of the pump-regulator HP-3

5.1. Construction of a numerical flow model taking
into account the vortex flow and stagnation zones

Our numerical model of the flow in the nozzle-gate valve
HP-3 reproduces the vortex flow and stagnation zones. The re-
sults of calculating the velocity field in the valve cross section
are shown in Fig. 5.

A stagnant zone is formed when the flow interacts with
the flap, acting as a rigid body and enabling a smooth turn of
the jets into the annular gap. A vortex flow is formed at the
nozzle entrance. A detailed analysis of the flow in the nozzle
is shown in Fig. 6.

Nozzle entrance

Stagnation zone

:

Annular gap
—

Fig. 5. Velocity field and streamlines in the valve
cross section

N

Fig. 6. Velocity field and streamlines in the nozzle
cross section

The flow constriction zone makes it possible to estimate
the hydraulic resistance. The model provides an error in pre-
dicting the hydraulic resistance of up to 5% compared to the
manufacturer’s data, which confirms its ability to reproduce
the physical processes in the valve.

The numerical model is built for the Reynolds number
Re =7300 and the damper position h = 0.07 mm, which cor-
responds to typical operating conditions of the HP-3 valve.
The error in predicting the hydraulic resistance is up to 5%
compared to the manufacturer’s experimental data, which
confirms the accuracy of the model. The model provides com-
putational efficiency, making it possible to analyze the flow
in the valve and the "shirt" area without excessive time costs.

5. 2. Determining the optimal parameters for a com-
putational grid

Optimization of the computational grid was carried out to
ensure a balance between the accuracy of calculations and the

time spent in modeling the flow in the nozzle-gate valve HP-3.
An adaptive grid with local compaction in critical zones (noz-
zle inlet, annular gap) was used. The sensitivity analysis of
the grid revealed that the grid step 4 = 0.001 mm provides an
error in predicting Reynolds numbers up to 3% compared to
the manufacturer’s data, while maintaining high accuracy in
the vortex flow and stagnation zones.

Fig. 7, 8 illustrate the velocity field and streamlines, demon-
strating the capabilities of the model and highlighting critical
zones (nozzle inlet, annular gap) for further detailed analysis.
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Fig. 7. Calculation grid in the cross-section of the nozzle
of the nozzle valve-deflector: @ — valve elements;
b — nozzle elements
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Fig. 8. CPU time cost depending on the number
of grid cells

These results reveal the flow behavior in the nozzle area,
which is specified below:

- the flow constriction zone is marked with a marker to
estimate the hydraulic resistance;

- the model takes into account the vortex flow and stagna-
tion zones as key elements of the valve behavior.

Local grids with a step size of 0.001 mm made it possible to
accurately reproduce the flow separation near sharp edges and
stagnant zones, avoiding violations of the no-slip boundary
conditions. Reducing the step size below 0.001 mm did not im-
prove the accuracy but significantly increased the calculation
time. The dependence of the processor time on the number of
grid cells is shown in Fig. 8 (Intel Core i7-1165G7 processor).

The optimal mesh of 500 thousand cells reduced the cal-
culation time by 30% compared to the coarser meshes (1 mil-
lion cells), providing an error of up to 5% for the hydraulic



resistance. This confirms the effectiveness of the chosen ap-
proach for modeling the complex valve geometry.

These data demonstrate the influence of the Reynolds
number on the flow, which is explained below:

- at Re < 50 the flow is continuous (marker: uniform stream-
lines);

- at Re > 50 a vortex is formed near the walls due to a sharp
narrowing (marker: the separation zone is marked with a dot-
ted line).

The optimal mesh (4 =0.001 mm) provides accuracy in
areas with sharp flow changes.

5.3. Analyzing the influence of geometric parame-
ters of the valve on flow characteristics

To analyze the influence of geometric parameters of the
valve, a 3D model of the nozzle-gate valve HP-3 with specified
dimensions was used: nozzle diameter dc = 2 mm, gate position
h =0.07 mm (Fig. 9). The influence of the Reynolds number on
the flow in the annular gap is shown in Fig. 10 (working fluid -
aviation kerosene T-1; temperature 293 K; turbulence 2%).

Fig. 9. Structural elements of the ROST control valve:
1 — nozzle; 2 — stabilizing spring; 3 — "shirt"; 4 — damper;
5 — retaining ring; 6 — "petals"

Fig. 10. Flow at the nozzle inlet (rotated view)

At Re <50 the flow remains continuous with uniform
streamlines. At Re > 50 a vortex is formed near the walls due
to a sharp narrowing, which leads to flow separation. Chang-
ing the position of the damper from 0.05 to 0.09 mm reduces
the flow coefficient 4vl by 12% due to an increase in the hy-
draulic resistance in the annular gap. Reducing the nozzle di-
ameter by 10% (to 1.8 mm) increases vl by 8%, but increases
the vortex flow at Re > 50, reducing stability.

The results of modeling the flow in the annular gap at
h =0.07 mm are shown in Fig. 11.

Nozzle edge

rd

Fig. 11. Flow in the annular gap of the valve at different
Reynolds numbers (A= 0.07 mm)

At Re < 50 the vortex closes on the wall, the flow is leveled
at the outlet. At Re > 50 the vortex shifts along the flow, reduc-
ing the effective cross-sectional area. With increasing Re the
intensity of the vortex flow increases, which affects vl due to

the narrowing of the flow. The results provide a prediction ac-
curacy of up to 7% compared to experimental data, explaining
the discrepancies in the characteristics of the flow coefficient.

6. Discussion of results based on investigating the flow
in a nozzle-valve valve of the pump-regulator HP-3

The results of our study are aimed at solving the tasks
related to numerical modeling of the flow in the nozzle-valve
valve of the pump-regulator HP-3 of the TV3-117 engine.
First, the construction of a numerical model in SolidWorks
Flow Simulation, which takes into account the vortex flow
and stagnant zones (Fig. 7, 8), is considered. The model de-
tails the stagnant zones near the valve and vortices in the
annular gap at Reynolds numbers above 50, using an adaptive
local mesh and accurate valve geometry with a nozzle diame-
ter of 2 mm and a valve position of 0.07 mm. This eliminates
the problem of the lack of detailed models for small valves,
providing prediction of hydraulic resistance with an accuracy
exceeding simplified approaches by 15%. Verification against
manufacturer’s data confirms the flow coefficient to be in
agreement with experimental values with an error of up to 5%,
demonstrating the robustness of the model.

The next step was to determine the optimal parameters
of the computational grid to balance accuracy and computa-
tion time. A grid step of 0.001 mm in critical zones reduced
the simulation time by 30% without loss of accuracy, particu-
larly in flow separation zones (Fig. 6). This solves the problem
of limited adaptation of current methods to complex valve
geometry, making it possible to efficiently simulate the flow.
The accuracy in Reynolds number prediction is confirmed by
the agreement with manufacturer’s data with an error of up to
3%, highlighting the effectiveness of the optimized grid.

Analysis of the influence of geometric parameters re-
vealed that a 10% reduction in nozzle diameter increases the
flow rate by 8% but increases the turbulence at Reynolds num-
bers above 50, reducing stability. Changing the flap position
from 0.05 to 0.09 mm reduces the flow rate by 12% due to the
increase in hydraulic resistance in the annular gap (Fig. 11).
These results explain the discrepancies in the experimental
data, eliminating them by 70% due to the detailing of critical
zones, such as the nozzle entrance and the annular gap. This
closes the gap in the inconsistent data, allowing the valve be-
havior to be predicted with an accuracy of up to 7% compared
to experiments.

Our study is distinguished by the detailed modeling of
the turbulence and stagnation zones, which increases the
accuracy of the flow rate and Reynolds numbers prediction
by 15% compared to simplified models. Mesh optimization re-
duces computational time by 30% and eliminates 70% of data
inconsistencies, providing practical recommendations for
improving valve design, including reducing edge sharpness
to reduce instability (Fig. 6, 11). Compared to approaches that
do not account for vortex effects in small valves or require sig-
nificant computational resources, this study offers an effective
solution for aviation systems.

The lack of detailed flow models in the nozzle-gate valve
HP-3 is eliminated by the detailing of the vortex and stagnation
zones, which provides an error in predicting the hydraulic re-
sistance of up to 5%. The discrepancies in the flow coefficient
can be explained by analyzing the influence of the nozzle
diameter (a decrease of 10% increases the coefficient by 8%)
and the position of the valve (a change from 0.05 to 0.09 mm



reduces it by 12%). The optimized grid with a step of 0.001 mm
adapts the numerical simulation to the complex geometry of
the valve, overcoming the limitations of previous methods.

Our study has limitations that should be taken into account
in practical application. It was carried out for a fixed position of
the valve of 0.07 mm and a temperature of 293 K, which limits
the applicability to other operating modes. The verification is
based on a limited set of manufacturer data that does not cover
high Reynolds numbers above 100. The model ignores the
roughness of the valve surfaces, which can affect the hydrau-
lic resistance at high Reynolds numbers. The dependence on
SolidWorks Flow Simulation limits the versatility of the model
for other software packages. These limitations are important
for engines operating under variable conditions and for further
theoretical studies to avoid overestimating the accuracy.

The disadvantages of the study are the lack of analysis
of the effect of different valve positions on flow coefficient,
which limits recommendations for design optimization. In-
sufficient verification for high Reynolds numbers due to the
lack of experimental data reduces the reliability of prediction
under extreme conditions. Ignoring surface roughness can
reduce the accuracy of hydraulic resistance estimation.

Further development of the study involves the analysis of
different valve positions in the range of 0.05-0.1 mm and tem-
peratures from 273 to 323 K to expand the applicability of the
model. Conducting additional experiments for verification at
high Reynolds numbers could eliminate data limitations. Incor-
porating surface roughness into the model would improve the
accuracy of hydraulic resistance prediction. Compiling univer-
sal recommendations for nozzle-valve valves based on the analy-
sis of various design parameters could completely eliminate
data inconsistencies and improve the reliability of predicting
valve characteristics under actual operating conditions.

7. Conclusions

1. Our numerical model, built in the SolidWorks Flow
Simulation software package, reproduces the vortex flow and
stagnation zones in the nozzle-gate valve HP-3 at the Reynolds
number Re =7300 and the gate position h =0.07 mm. The

model provides an error in predicting hydraulic resistance of
up to 5% compared to experimental data, which confirms its
ability to accurately simulate physical processes in the valve.

2. The optimal computational grid with a step of 0.001 mm
provides a balance between calculation accuracy (error in pre-
dicting Reynolds numbers up to 3%) and time costs, reducing
them by 30% compared to coarser grids. This is achieved due
to local mesh compaction in critical areas, such as the nozzle
inlet and the annular gap.

3. Analysis of the influence of geometric parameters
revealed that changing the position of the flap from 0.05 to
0.09 mm reduces the flow rate by 12% while reducing the noz-
zle diameter by 10% increases it by 8%. These results explain
the discrepancies in the experimental data with a prediction
accuracy of up to 7%, which makes it possible to optimize the
valve design.
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