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The object of this study are ways to ensure the
speed and repeatability of the valve for the release
of combustion products from the thermal-pulse unit,
which are the most important parameters that enable
the precision of the finishing treatment with detonat-
ing gas mixtures. The study is aimed at analyzing the
process of releasing combustion products in the valve
of the proposed design; identification of factors that
affect the speed of its opening; establishing the nature
of the change in gas dynamic parameters in the com-
bustion chamber. Experimental studies were carried
out on a specialized bench simulating the operation
of a valve with pressure measurement in gas cavities
and controlling the movement of a movable glass of
the valve with an incremental encoder. Information
on the position of the movable cup is obtained in real
time with a decisive ability of 3 microns. The experi-
mental study showed that an increase in the response
rate of the valve of the design under consideration to
the values required for precision thermal pulse treat-
ment (0.01s) is possible subject to the use of com-
pressed air. To study the flow processes of high-tem-
perature gases during the operation of the controlled
outlet valve, partially immersed in water, a numerical
model has been built. A feature of the model is to take
into account the real values of the friction force acting
on the moving part of the valve, due to the introduc-
tion of resistance force acting on the movable glass.
The magnitude of this force under the specified initial
conditions is assigned from the condition of ensuring
the coincidence between the estimated opening time
of the valve and its average value obtained from full-
scale experiments. For the range of design conditions,
based on the lower limit of the working pressure of the
combustion products, the water level is determined in
the chamber of the thermal pulse equipment, on which
the valve must be partially immersed for safe operation
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1. Introduction

A constant trend in the development of mechanical engi-
neering is to increase the accuracy of parts processing, their
miniaturization, and the systematic introduction of automa-
tion tools at all stages of the production cycle. Reducing the
size of parts of high-precision mechanisms leads to minimiza-
tion of gaps in friction pairs, which in turn puts forward more
and more stringent requirements for the quality of finishing
edges and cleaning the surfaces of precision parts.

Among the numerous methods of finishing edges and
surfaces, non-deformation technologies stand out. Their ab-
solute advantage is that, unlike traditional blade and abrasive
methods, they do not lead to secondary defects of the surfaces
of precision parts. Among these methods, special attention

should be paid to the methods of processing by gas mixtures
combustion products. The advantage of such methods is the
ability to treat parts of any shape, including those that have
complex internal cavities. When using them, it is possible to
combine simultaneous machining of the edges of parts and
cleaning of their surfaces. Given that such methods are the
most productive among all edge finishing methods, all this
makes them the most obvious for use in finishing operations
of automated production.

The rapid development of additive production methods
also contributes to an increase in interest in the development
of these methods. Parts made by additive methods are cha-
racterized by a complex geometric shape. In layer-by-layer
manufacturing processes, thin technological rods are used to
support parts elements. The task of automated removal of such




rods and cleaning the surfaces of parts from the particles of the
powder from which they are made is extremely difficult. To
solve it, one of the most promising ways is the use of finishing
treatment with combustion products of gas mixtures [1-3].

Given the noted tendency to miniaturization of high-pre-
cision parts and the widespread use of thin rods and shells
in the design of additive parts, one of the tasks of ensuring
a stable quality of processing when using these methods is
the accuracy of ensuring processing time. For this, modern
equipment is equipped with a system controlled by the time
of release of combustion products. Depending on the materi-
al and geometry of the workpieces, the machining time can
range from tenths of a second to a few seconds. The permis-
sible accuracy of ensuring processing time is determined by
the tolerance for qualimetric edges (for example, rounding
radius) and can be hundredths of a second.

The contact time of the machined parts with the combus-
tion products of gas mixtures, the temperature of which can ex-
ceed 2000 °C, can significantly affect the quality of treatment.
If this time is exceeded, it is possible to curvature the geometry
of parts and even crack the surface layer caused by the action
of thermal stresses [4]. Taking into account the noted prospects
for the use of finishing treatment with combustion products
of gas mixtures, the scientific studies to ensure its guaranteed
quality are important. The results of such studies are necessary
for practice because the system of production of combustion
products plays a key role in the finishing of precision parts.
Ensuring its reliability and controllability requires taking
into account the peculiarities of the processes associated with
its work. For this, it is promising to use a numerical experi-
ment using adequate mathematical models. The problem of
building such a model in relation to the process of high-speed
release of combustion products is considered in this paper.

2. Literature review and problem statement

Methods of finishing with combustion products of gas
mixtures are promising processes for processing edges, re-
moving burrs, and cleaning the surfaces of precision parts
of complex shape. Their typical industrial application in-
cludes finishing of engine and pump unit housings, aircraft
engine components, pneumatic valves, etc. [1]. From these
methods, the pulsed thermal-energy method (PTEM) [2]
stands out, which is a modification of the basic version of the
thermal-energy method (TEM), developed by Bosch GmbH
specialists [3]. The key difference between PTEM is the use
of controlled rapid release of combustion

case, both the total processing time and the opening time of
the exhaust valve are important. For example, when processing
edges, the processing time determines the radius of rounding,
and the stability of the opening time of the exhaust valve
determines the execution error of the specified radius. Taking
into account modern requirements for tolerances of the radius
of rounding of the edges, the response time of the valves for the
release of combustion products should be provided at the level
of up to 0.01 s [2]. This in itself is a complex engineering task
but it is even more complicated by the need to protect sealing
surfaces from the high-speed flow of hot gases.

The first attempts to create a system for the release of
combustion products during PTEM processing to some
extent copied the solutions tested in the designs of pulsed
machines with a gas-air drive. In these machines, the locking
device of the combustion chamber was the most responsible
and complex unit.

The locking-throughput device (Fig. 1) is a pneumatic-
hydraulic valve mechanism of differential type, of automatic
action, the basis of which is a cylindrical sleeve with a row of
radial windows in its upper part [6].

In this way, the valve for the release of combustion products,
which was used on pulsed machines, opened automatically
upon reaching a predetermined pressure level. With PTEM
processing, this method of opening is unacceptable since the
treatment requires exposure of the mixture in the chamber for
a time sufficient to perform the processing or cleaning operation.

In some TEM machines, in the design of the valve for
the release of combustion products, a cylindrical central
protrusion at the end of the moving part of the valve was
used to protect the sealing surfaces from high-temperature
flow (Fig. 2) [7]. The sealing of the valve was provided by
a sealing complex, which included an inner and outer ring
made of bronze or stainless steel and a central liner made of
deformable Teflon. When closing the sealing surfaces, the
complex was in a state of comprehensive compression and
ensured the tightness of the chamber. However, this design
remained like the previous one not reliable enough.

In addition, the design of the BOSCH valves has a draw-
back due to the fact that high pressure in the control cylinder
is required to ensure the sealing of the valve during the duty
cycle. This is due to the fact that the direction of action of
the pressure of combustion products on the moving part of
the valve and the direction of its opening coincide. For this
reason, a valve of this design cannot have high speed and
cannot be considered as a prototype for creating a controlled
exhaust valve for PTEM processing.
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Fig. 2. Variants of the valve for the rapid release
of combustion products from BOSCH [3] (numbering is
preserved according to the patent): a — a variant with a high
piston fit; b — option with a low piston fit: 14 — opening
of the mixing chamber; 25 — mushroom-like valve pusher;
26 — valve seat; 27, 28 — beveled contact surfaces;

29 — central pin

The disadvantages of the considered structure of the con-
trolled release valve are eliminated as follows. First, the com-
bustion products in this valve are released through windows
made in the central part in the direction perpendicular to the
opening of the locking glass (Fig. 3) [8]. Due to this, regardless
of the amount of pressure in the chamber, the valve opens with
ordinary network pressure of air at a level of 0.6—0.7 MPa.

Water level

Fig. 3. Controlled release valve oof PTEM installation

Secondly, the valve uses water protection. It is installed
vertically along the axis of the chamber and at the same time
partially located under the surface of the water that fills the
tank at the bottom of the PTEM installation. The movable
closing glass of the valve forms two air cavities with its body
parts. When compressed air is supplied to the lower cavity,
the upper one connects to the atmosphere and the valve
closes, sealing the chamber. When switching oppositely, the
valve opens. At the same time, the speed of opening the valve
should be sufficient for the sealing cup to completely pass
the access windows, remaining protected by water, until it
is expelled from the central cavity by combustion products.

The problem of using the valve of the described design
is the insufficient speed of its operation during opening with
compressed air. In cases where the processing time is tenths
of a second, this requires a signal to open the valve even
before the gas mixture is ignited in the working chamber.
Such a solution requires ultra-reliable synchronization of the
operation of ignition and controlled exhaust systems. On the
other hand, it is potentially dangerous because it can lead to
the leakage of the fuel mixture from the working chamber
with the occurrence of an emergency. The solution to this
problem may be the use of numerical control systems built on
the basis of digital twins of the system of controlled release
of combustion products. As noted in [9], this approach can
ensure the safe operation of controlled equipment. When
building such digital twins, it is necessary to consider both

the operation of the exhaust valve itself and the pneumatic
system that controls it. To do this, it is advisable to use mixed
1d—3d models [10], and the work of the control pneumatic
system is modeled in 1d statement, and the valve — in 3d.

Creating an adequate numerical 3d model of the exhaust
valve is a key task of building a basic model of the digital twin
of the system of controlled release of combustion products in
PTEM processes.

In a number of studies, for example [11], using numerical
modeling, the operation of a pulse valve in a water medium
is investigated. Various variants of numerical models built in
ANSYS are considered, and data from field experiments are
used to verify the models. Obviously, such models cannot be
used to simulate an exhaust valve in PTEM processes ope-
rating in a gas-liquid environment.

Works [11, 12] consider modeling of two-phase gas-li-
quid flows with supersonic gas leakage but they do not
consider cases of leakage of gases of high temperature and
pressure, which is characteristic of the controlled valve for
the release of PTEM equipment.

Thus, the study is aimed at building an adequate mathe-
matical model of the process of releasing high-temperature
gases through the equipment developed by the PTEM valve,
partially immersed in water, taking into account the friction
force determined in an experimental way. Such a model can be
the basis for building a digital twin system of controlled re-
lease of combustion products and its subsequent use of equip-
ment for building an algorithm for the operation of the PTEM
numerical control system. A key element of such a digital twin
is the numerical model of the high-speed gas release valve.

3. The aim and objectives of the study

The purpose of the study is to develop a numerical model
of the operation of the valve for the rapid release of high-tem-
perature gases, as a basis for building a digital twin of the
system of controlled release of combustion products in the
equipment for PTEM processing. This will make it possible
to modernize the numerical software control system of such
equipment and ensure its stable and safe operation with
a processing time from ~10~! to ~10°s.

To accomplish the aim, the following tasks have been set:

—to determine the key parameters of the combustion
products release process to ensure the exact time of thermal
pulse processing based on experimental studies of the con-
trolled exhaust valve;

—to perform mathematical modeling of the process of
high-speed release of high-temperature gases during the
operation of a valve partially immersed in water, and adjust
the developed mathematical model taking into account the
parameters determined at the stage of experimental research;

— to determine the peculiarities of the flow of the pro-
cess of releasing high-temperature gases in the valve of the
researched design and the nature of the change of operating
parameters in the combustion chamber during numerical
experiments based on the constructed model.

4. The study materials and methods

4. 1. Object and hypothesis of research
The object of the study are ways to ensure the speed and
repeatability of the valve for the release of combustion pro-



ducts of the thermopulse unit, which are the most important
parameters that ensure the precision of the finish treatment
with detonating gas mixtures. The hypothesis of the study
is the assumption of the possibility of constructing an ade-
quate model of the valve of controlled release of combustion
products based on numerical modeling, taking into account
the data of full-scale experiments to adjust the parameters
of the numerical model. This will be the basis for building
a digital twin system of controlled production of combustion
products and creating on its basis an upgraded numerical
control system that will ensure stable and safe operation of
PTEM equipment.

4. 2. Subject of research

The subject of the study are the processes associated with
the operation of the valve of the controlled release of com-
bustion products of equipment for PTEM processing.

When conducting full-scale experiments, a sample valve for
controlled exhaust of the T-15 thermal pulse unit (Ukraine)
was used. For research, a specialized bench was used, which
simulated the operation of the valve for the release of com-
bustion products. Valves were used to control the gas sup-
ply at the bench (Burkert 6240, Biirkert GmbH & Co. KG,
Ingelfingen, Deutschland). In the course of the research,
pressure was measured in the gas cavities of the valve
and the movement of the movable valve cup. Pressure sen-
sors (TSZ-6002-G-S-20-X(G1\4)-1-K-QV-Q0, Meret, Slo-
vakia, Accuracy 0.08 %...0.25 %) were used to measure pressure.
The movements of the movable cup were determined using
an incremental encoder (Autonics E30S4-3000-6-1-5, USA,
3000 pulses per rotation). Information on the position of the
movable cup was obtained in real time due to the formation
of pulses at each change in position (the determining ability
of the measuring system is 3 microns).

When constructing a numerical model of a controlled
output valve, classical methods of mathematical modeling
of two-phase currents in problems with moving boundaries
were used. When building a mathematical model, some
simplifications are accepted. Due to the transience of the
processes inherent in the operation of the controlled release
valve of the PTEM equipment, the simulation did not take
into account the heating of the structural elements of the
valve and the associated processes of thermal expansion. This
made it possible to set the structural elements of the valve
as fixed or movable (for the case of a glass) walls without
sliding with a constant temperature. This took into account
the mass of the moving element of the valve. Also, due to the
symmetry of the calculated region, the following simplifica-
tion is adopted: only half of the area for assigning symmetric
boundary conditions is considered.

To build a numerical model of the controlled exhaust
valve and conduct numerical experiments, a licensed ANSYS
package (CFX module) was used.

5. The results of research on the process of high-speed
release of combustion products

5. 1. Determination of key parameters of the process
of controlled release of combustion products through the
valve based on experimental studies

One of the most important parameters that ensure the
precision of thermal pulse treatment with detonating gas
mixtures is the accuracy of the valve for the release of com-

bustion products. The duration of processing can be from
hundredths to tenths of a second and should be set with an
accuracy of 0.01 s. The valve has a pneumatic drive, its open-
ing and closing is carried out by filling it with pressurized air,
respectively, chambers 1 and 2 (Fig. 4).

Air supply, in turn, is carried out using electric valves.
In the initial state, the valve is closed. When air is supplied
to chamber 1, the movement of the moving part of the valve,
the opening of windows and the release of combustion pro-
ducts begin. At the end of the working process, to return the
valve to its original position, air is supplied to chamber 2.
The experimental study was carried out on the designed
generator of the gas mixture of the automated thermopulse
complex [13], in particular, the unit for filling the interme-
diate tank with one component of the gas mixture, namely
nitrogen, was used. The scheme of the experimental node of
the generator of the mixture, which includes: the supply line
of the component to the generator, the gas supply line to the
tank with the actuator valve is shown in Fig. 4.

Fig. 4. The principle of operation of the exhaust valve:
a — the valve is closed; b — air supply, valve opening;
¢ — valve open

Control over the valve opening process was carried
out using an incremental encoder, the principle of which
is to form pulses during the rotation of the shaft. For the
experiments, a bench was designed containing a valve with
a connected encoder, control electric valves, as well as data
recording equipment (Fig.5). The encoder is connected
to the moving part of the valve by means of a wire trans-
mission (Fig. 6).
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Fig. 6. Valve design with incremental encoder installed

The amount of pressure in the working chamber does not
affect the opening time of the valve of the studied structure
because this pressure does not affect the movement of the
movable cup. This fact allowed the study to be carried out
on an experimental bench, where the working chamber of the
PTEM equipment was imitated by a tank filled with nitrogen.
To maintain a constant pressure value in the tank, it was
connected to a high-pressure nitrogen cylinder. The opening
of the controlled exhaust valve, as well as on PTEM equip-
ment, was carried out by supplying compressed air. During
the experiments, the initial pressure in the nitrogen tank was
maintained at 0.8 MPa, in the compressed air line of 0.5 M Pa.

As a result of the experiments, it was found that at the first
start of the valve under study, the opening time reaches 100 ms
from the moment the signal is sent to the corresponding control
valve for supplying compressed air. With further launches, this
time decreases and stabilizes at a value of about 50 ms (Fig. 7).
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Fig. 7. Results of experiments — the dynamics of valve acceleration

In this case, the average time of opening the valve from the
beginning of the movement to the completion of the opening
of the bypass hole was 0.015 s. Standard deviation of the valve
opening time in dynamic mode is 3.3...3.5 %. The obtained data
of the opening time were subsequently used to adjust the nu-
merical model of the process of release of combustion products.

5. 2. Mathematical modeling of the combustion prod-
ucts release process

The numerical model was built for the valve for the re-
lease of combustion products of the fuel mixture from the

PTEM equipment chamber. The design scheme of the valve
was fully consistent with the sample that was investigated
during full-scale experiments. The valve has four windows
through which the combustion product is released. At the
initial moment, the windows are closed with a piston. Under
the action of compressed air, the piston is driven, opening
the way for the release of combustion products. The valve
is connected to the combustion chamber (Fig. 8). The valve
is partially submerged in water to protect its parts from the
flow of high-temperature gas.

Fig. 8. Scheme of connection of the valve to the combustion
chamber: 1 — combustion chamber; 2 — connecting line;
3 — water tank; 4 — exhaust valve; 5 — piston; 6 — control
pressure supply chamber

When adjusting the numerical model in accor-
dance with the conditions of full-scale experiments,
the case of an overpressure of gas in the working
chamber equal to 0.8 MPa was considered. The over-
pressure of the air opening valve is 0.5 MPa. When
setting up the numerical model, as in the full-scale
experiment, the dynamics of moving the moving
piston was investigated. In numerical experiments,
the peculiarities of the flow of combustion products
and water near the valve design elements were also
studied. The solution of problems in the course of
numerical experiments was carried out within the
calculated region, which is the internal cavity of the
combustion chamber and valve.

When constructing an estimation grid around the
valve, a part of the space that is partially filled with

S8 water is added to simulate its immersion in the tank.

—

The sizes of this zone is selected as those that do not
affect the pattern of flow near the exhaust windows
of the valve.
In order to simplify the construction of a grid of finite
elements and improve its quality, the estimation zone was
cut into fragments that make it possible to build a structured
grid of finite elements. Since the calculated region is symmet-
rical, only half of it was considered.

To solve the problem set, a combined grid of finite ele-
ments is constructed. Structured and unstructured grids
were combined to reduce the number of elements without
compromising the overall quality of the grid (Fig. 9).

Due to the fact that the solution of the problem is as-
sociated with modeling the movement of the edges of the



calculated region, it became necessary to rebuild the calcu-
lated grid, associated with large movements of the boundary.
At this point, the deformation of the calculated area signifi-
cantly reduces the quality of the grid. The restructuring of
the entire computational grid requires large computational
resources, so only a small part of it was highlighted, which
was connected to a fixed grid using the means of a modeling
system. The first, which is located below, is the control air
supply zone. The second, which is located on top, is the area
of combination of the outlet with the outlet windows of the
valve and the water tank.

Fig. 9. Estimation grid fragment

To implement the task, the mechanism of automatic re-
structuring of the grid of finite elements was used. When im-
plementing this approach, the minimum angle of the grid ele-
ment along the calculated area acted as a control parameter.
The grid rearrangement cycle was connected when an el-
ement appeared with an angle at a vertex of less than 10°.
After that, a restructuring was carried out, and the calcu-
lation continued on a new grid, where, after interpolating
the results from the previous iteration, the initial conditions
were loaded. In general, the grid consisted of 1958076 finite
elements, of which 1616107 is a structured grid.

Equations of motion in the calculated area. For the nu-
merical study of the parameters and characteristics of the
flow, a system of Navier-Stokes equations was used, which
includes the laws of conservation of mass, momentum, and
energy of a non-stationary spatial flow in the Cartesian coor-
dinate system (x;i=1, 2, 3):
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where u; — components of the velocity vector; p, p — density and
pressure; S; — external volumetric forces; E — total energy of the
unit mass of a substance Qp — heat released in a single volume
of matter; Ty — tensor of viscous shear stresses; ¢g; — heat flux.

The tensor of viscous shear stresses is defined as follows:
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where u=p;+p, — viscosity coefficients; p; — coefficient of mo-
lecular viscosity; u, — turbulent viscosity coefficient; &; — Kro-
necker delta function; £ — kinetic energy of turbulence.

To determine uy and Ay, in the original paper the equa-
tion of the SST-model of turbulence were used, which shows
high accuracy in modeling near-wall currents [14], including
under the action of shock waves [15].

In this model, the following expression is used to set the
turbulent viscosity value:
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tion equal to unity for the boundary layer and zero for the free
layers; Q=(0u/dn) — derivative of the flow velocity in the
direction of the normal to the wall. To determine the kinetic
energy and its dissipation, the following equations are used:
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where B, B", o}, 0, are empirical constants, Fy is a function
that plays the role of a switch between models, so that near
the wall, and at a distance from the wall, F;=0. Heat flux is
modeled using the following equation:
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where 6,=0.9 is the empirical constant; Pr — Prandtl number;
¢p — specific heat capacity at constant pressure; g, — heat flux
from radiation.

For buoyancy calculations, the initial term is added to the
pulse equations as follows [16]:

S, =(P=P.)& (6)

where (_p—pmf) is the difference in the density of working
media, g is the acceleration of gravity.

The pressure in the pulse equation excludes the hydrosta-
tic gradient. This pressure correlates with absolute as follows:

Pabs =P+R'ef +p§(7_;;ef)’ (7)
where P, — absolute pressure, P — relative pressure,

P,,; — reference pressure, (F—T’mf — determining the zone
of action of hydrostatic pressure.

The force of friction when sealed with rubber rings is
determined by the following formula:

Pfr:n'D'b'f'pacl’

where D is the diameter of the piston; / — coefficient of fric-
tion; b — width of the contact zone; p,; — working pressure.



Using this formula to determine the friction force in prac-
tice faces uncertainty of both the friction coefficient and the
width of the contact zone for the actual design of the exhaust
valve and the conditions of its operation. Based on this, tak-
ing into account the friction conditions on the moving parts
of the valve, an additional resistance force applied to the cup
during its movement was introduced. The magnitude of this
force was determined by data from full-scale experiments.
To do this, at the first stage, numerical calculations of the
dynamics of acceleration of the movable cup were carried out
without introducing additional resistance force. According to
the results of numerical calculations, a plot was built on the
dependence of the acceleration of the movable cup on time.
Throughout the entire valve opening time, this acceleration
was higher than the data obtained from the processing of the
results of full-scale experiments to measure the movement of
the cup by the encoder. In this case, averaged data from full-
scale experiments were used after stabilization of the valve
opening time. The desired value of the additional resistance
force was defined as the difference between the calcula-
ted agq and the measured a,,, acceleration values multiplied
by the mass of the movable cup moqy:

Pf" = (acalc Oy ) ’ mhﬂdﬂ/ ) (8)

Additionally involving the measured data on the change
in the sliding speed of a movable cup over time, the force of
additional resistance was defined as a function of the sliding
speed P;(v). The obtained dependence was used later to
calculate the dynamics of acceleration of the movable cup in
numerical modeling. Equations (1) to (8) describe the model
used for the process of releasing combustion products using
the valve of the design under study.

Initial and boundary conditions. The calculated area con-
sisted of five domains:

— combustion chamber of PTEM equipment;

— control air supply device;

— the space around the valve;

— tube for air outlet from under the piston;

—part of the internal space of the valve, for which
automatic restructuring of the grid of finite elements is im-
plemented.

Part of the space around the valve is filled with protective
water, as shown in Fig. 10.
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Fig. 10. Initial water level near the valve

All walls are assigned the boundary conditions of the
walls without sliding. At the inlet to the control pressure
supply tube, an overpressure of 0.5 MPa is set. At the edges
of the space around the valve, open conditions are set with
a pressure of 0.1 MPa and a water level of the same level in-
side the calculated area.

Since the problem with the presence of a two-phase flow
with significantly different densities is solved, gravity was
taken into account in all domains. The movable piston is set
as a wall without sliding, which changes its position depend-
ing on the pressure of the controlling air. The mass of the
piston is 1.36 kg (half of the piston is considered due to the
symmetry of the calculated region).

3. 3. Determining the properties of the process of re-
leasing high-temperature gas according to the results of
numerical experiments

At the first stage of numerical experiments, the valve
opening dynamics were modeled to determine the magnitude
of the additional resistance force, which takes into account the
real friction conditions when the cup moves during opening.
The results of this stage of calculations are shown in Fig. 11.
According to these data, after 0.006 s, the upper part of the
piston reaches the outlet windows, and after 0.012 s from the
beginning the exhaust windows are completely open.
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Fig. 11. Dynamics of acceleration of the movable
valve cup

Based on the data of full-scale experiments, the addition-
al resistance force applied to the movable piston was selected
using formula (8), while the valve opening time increased
from 0.012 to 0.015 s. The numerical model thus configured
was used in further calculations.

At the second stage of numerical studies, the possibi-
lity of protecting the moving parts of the valve from the
high-temperature flow of gas with the available water on
the way of its opening was determined. When conducting
numerical experiments to study the processes of gas flow, it
was believed that at the initial moment the temperature of
the combustion products is 2000 °C, and the controlling air
and protective water is 20 °C. Fig. 12 shows a pattern of flow
when changing the position of the lower part of the piston
over time for the case of the initial pressure of gases in the
chamber of 0.8 MPa.

When the valve is moved, first of all, the gas pushes out
the water that is in the pipe in front of the exhaust windows
of the valve. Fig. 13, 14 show the volumetric water content
in the space near the valve. It is determined that gas actively
pushes water out of the exhaust window zone, and the pro-
cess is accompanied by intense splashing.
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There is an uneven pressure drop rate when opening
the valve, which lasts no more than 0.008 s. In contrast to
the beginning of release (Fig. 15, a), starting from 0.018 s,
a steady compaction jump is formed in front of the exhaust
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Fig. 12. Position of the bottom of the piston: @ — 0.002 s after the supply of control air; 6 — 0.012 s after supplying control air

windows (Fig. 15, b) and further the pressure in the cham-
ber drops evenly. The dynamics of pressure drop are shown
in Fig. 16.
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Fig. 15. Formation of flow compaction jump
in front of the outlet windows: @ — 0.004 s from
the beginning of opening; 56— 0.012 s from
the beginning of opening

During the numerical experiments, the position of the
water level was established, at which the moving parts of
the valve are protected throughout the entire process of gas
leakage from the chamber.
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As shown in Fig. 13, 14, under the established condi-
tions, the movable cup valve has time to fully open the access
windows before contact with high-temperature combustion
products. Due to the fact that the given case of the initial
pressure of gases in the working chamber (0.8 MPa) is the
lower limit of the operating modes, the time of release of
combustion products from the chamber is minimal. With an
increase in the initial pressure to 15 MPa, the moving parts
of the valve at the set position of the water level remain
protected from hot gases throughout the opening process.

6. Discussion of results of studying the controlled
release valve of combustion products

The authentic experimental study showed that an in-
crease in the response rate of the valve of the design under
consideration to the values required for precision PTEM
processing (0.01 s) is possible provided that pre-compressed
air is used to open the valve. The instability of the valve
opening time value, revealed during full-scale experiments,
can be explained by a change in the friction force on the
seals during operation (Fig. 7). To prevent this phenomenon,
specialized sealing complexes designed for a high (=10 m/s)
sliding speed should be used in the valve design.

In addition, to ensure the precision of PTEM process-
ing before a working cycle, it is necessary to stabilize the
valve operation by performing several preliminary valve
starts. After stabilization of the valve, the obtained opening
time values should be fixed to configure the CNC equip-
ment system. This allows for up to ~1 ms accuracy of time
compliance.

In the course of the original work, a numerical model was
developed to study the flow processes of high-temperature
gases during the operation of the controlled release valve
of PTEM equipment partially submerged in water (formu-
las (1) to (8)). A feature of the developed model is to take
into account the real values of the friction force acting on the
moving part of the valve, the introduction of a set resistance
force, which ensures the coincidence between the estimated
opening time of the valve and its average value, determined
by the results of full-scale experiments (8). The coordination
of the numerical model with the full-scale experiment was
carried out according to a parameter that can be relatively
simply measured. This allows us to investigate with the
use of the developed model the peculiarities of the outflow
of high-temperature gases during the operation of the con-
trolled exhaust valve, that is, to investigate the characteris-
tics that are impossible or extremely difficult to measure (pa-
rameters of high-temperature flow and its interaction with
the liquid (Fig. 12-15).

The simulation results prove the possibility of protecting
the movable cup with water throughout the entire time of
release of combustion products, guaranteeing its protection
from exposure to high temperatures. For the calculated
conditions, the water level is determined, on which the valve
must be immersed in water for safe operation, based on the
lower limit of the working pressure of the combustion pro-
ducts in the PTEM chamber of the equipment.

It is shown that the time of formation of a stable compac-
tion jump in front of the exhaust windows, after which the
pressure drop is unchanged in time (until the pressure decrea-
ses below the critical one) is commensurate with the opening
time of the valve (Fig. 16). Therefore, this point requires more
detailed consideration, including taking into account the
characteristics of compaction of the moving parts of the valve.

In general, it can be assumed that the controlled exhaust
valve for precision thermal pulse processing can be created on
the basis of the valve of the described design during its mo-
dernization. To be able to continuously diagnose and improve
the reliability of the valve, it must be equipped with water
level sensors, sensors that record the moments of opening,
closing the valve, and pressure measurement sensors in the
gas cavities.

The results obtained in the original numerical studies
have limitations that are due to the consideration of the
separate operation of the valve from the control system for
the release of combustion products. To eliminate these li-
mitations and obtain a complete picture of the operation of
the controlled output system for actuating the valve from the
control signals, a numerical model of the pneumatic system
should be added, including taking into account the data on
the delay in the operation of the valves. Such a model can
be one-dimensional since the pneumatic system consists of
standard elements. In further research on the basis of the
developed numerical model, it is necessary to developa ROM
model of the valve (reduced order model) and integrate it
with a one-dimensional model of the pneumatic system. In
fact, the general model of the exhaust control system makes it
possible to determine the delay time for the start of the valve,
which, according to the results of full-scale experiments, is
0.04-0.045 s (Fig. 7).

The disadvantages of the current study are associated
with the impossibility of direct use of such models to build
control or diagnostic algorithms in a controlled release sys-
tem. They take too long to get results. The solution to the
problem should be associated with the creation in the future
on the basis of the described approach of ROM models and
their integration with a complex of sensors within the digital
twin system.

In further studies, these shortcomings are planned to be
eliminated. To do this, authentic authors plan to focus on
creating a digital twin controlled release system for PTEM
equipment. This will ensure the possibility of implementing
a safe and stable in quality precision PTEM processing.

7. Conclusions

1.In the course of experimental investigations of the
operation of the valve for the controlled release of PTEM
equipment, the peculiarity of the dynamics of valve open-
ing was determined. As a key parameter of the process, the
valve opening time from the beginning of the movement and
the delay time of the beginning of its movement, which is



a characteristic of the used pneumatic valve control system,
are defined.

2. A calculation-experimental model of the process of
releasing high-temperature gases during the operation of
the PTEM equipment valve partially immersed in water
was built, which takes into account the force of friction act-
ing on the moving part of the valve. The peculiarity of the
developed model is its adjustment to match the analytical
calculation and experimental measurements according to
a parameter that can be measured — valve acceleration dy-
namics. The calculation-experimental model built can be
used to study such parameters of the process that cannot be
measured or are very difficult, in particular, the characteris-
tics of the high-temperature flow, the dynamics of its interac-
tion with the protective liquid.

3. In the course of numerical experiments on the basis
of the built model, it is shown that during the release of
combustion products using the valve of the studied design
with an opening time at the level of 0.015 s, it is possible to
implement modes when the moving part of the valve is under
water all the time. Given this, the working surfaces of the
valve are protected from the influence of high-temperature
gas flow. For estimation conditions, the water level has been

determined, to which the valve must be immersed in water
for its safe operation.
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