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MATHEMATICAL MODEL AND SOFTWARE DEVELOPMENT
FOR MODELING ENGINES WITH PERIODICAL WORKFLOW USING
AN ARTIFICIAL INTELLIGENCE SERVICE

This paper examines the problem of constructing a mathematical model of a reed valve suitable for use in zero-

dimensional thermodynamic and one-dimensional gas-dynamic models of a pulsejet engine's working cycle.

The subject of the study is the reed valve of a pulsejet engine. It is shown that simple single-mass classical reed
valve models lack sufficient accuracy and therefore require verification and adjustment. However, despite the large

number of publications on the reed-valve topic, the number of studies containing experimental reed lift curves
sufficient for direct verification in a frequency range close to pulsejet engine operating conditions remains limited.

The objective of this study is to develop a single-mass mathematical model of a reed valve using artificial intelli-

gence, motion based on a mechanical analogy of the "mass-spring-damper" type, but supplemented by a system of
correction coefficients. Objective. to develop a single-mass mathematical model of a reed valve, an algorithm, and
a program for numerical calculation of the reed motion, to adjust the model parameters based on experimental
data, to test the model performance for different designs and in different operating modes, and to evaluate its reli-

ability and applicability. Research methods. To solve the equations of reed motion, a numerical integration algo-
rithm was used, considering the displacement limits and energy losses during seating and in the region of maximum

lift. Published pressure and reed-lift diagrams for steel and non-metallic reeds were used as an experimental bench-
mark. Results. The model parameters were tuned using the experimental lift curves at operating frequencies of 79.5
Hz, 90.5 Hz, and 152 Hz. It was found that the proposed model provides good agreement between the calculated
and experimental values of reed lift in this range of operating frequencies, with a relative error of 7.4-11.3%. It is
shown that the main differences between the regimes are concentrated only in the region of large reed displace-
ments. Conclusions. The developed single-mass reed valve model with correction coefficients occupies an interme-
diate position between the simplest unadjusted engineering models and resource-intensive spatial models, making
it suitable for engineering analysis and the preliminary design of pulsejet engines.

Keywords: UAV, pulse jet engine, reed valve, single-mass model, petal lift, numerical calculation, simulation,

verification
Introduction

The classic reed valve is a characteristic element of
the intake system of the engines with periodic workflow
(pulsejets and 2-stroke internal combustion engines) due
to its simple design, low mass of moving parts, and abil-
ity to automatically match flow rate to the current pres-
sure drop. Historically, the reed valve design (Fig. 1)
originates from the valve grid unit of the classic Argus
pulse jet engine [1], and its subsequent engineering de-
velopment in calculations and applied models for two-
stroke internal combustion engines is largely due to the
initial work of Queen's University Belfast [2].

The relevance of reed valve modeling is currently
determined not so much by theoretical interest as by the
practical challenges of perspective high speed UAV
pulse jet engine design. For example, the already devel-
oped and operational online model of a pulsejet engine,
Pulsejet-Sim [3], uses a simple reed valve model [4].
While this proved quite useful for initial engineering as-
sessments, for certain ranges of engine geometric dimen-
sions, the simplicity of the petal model became one of the

causes of discrepancies between the calculated and actual
system properties.

Fig. 1. Classic valve grid with reed valves (a) and

its design scheme (b)
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Under these conditions, the need for a more reliable,
yet computationally compact and accessible, petal valve
model becomes important. Therefore, this paper proposes
not to complicate the problem to the level of spatial mod-
eling, but to attempt to preserve the simple mechanical
analogy of the petal, making it suitable for practical en-
gineering applications for maintaining the compatibility
of the valve model with zero-dimensional (0D) thermo-
dynamic problems and simple one-dimensional (1D) gas-
dynamic engine models.

1. Literature review
and problem statement

Numerous publications exist on reed valves of var-
ious types, including those similar to the valve design un-
der study and operating in the 70—150 Hz operating fre-
quency range. One of the earliest system sources detail-
ing a valve design of this type is the work of Dr. G. Die-
drich, dedicated to the Argus power plant of the V-1
cruise missile [1]. This work is of particular value as a
historical document, but also as a primary source for the
engineering approach to creating a reed valve grid oper-
ating as part of pulse jet engine. A book by Queen's Uni-
versity of Belfast Professor G.P. Blair [2] not only exam-
ines the reed valve as an important element of gas ex-
change in a two-stroke engine but also directly points to
its origins in the Argus pulse jet engine valve system. An
important step in the development of this approach was
the improved model of reed valve behavior for a two-
stroke engine [5], aimed at a more accurate description of
petal motion under real-world operating conditions. This
attempted to move from simple estimates to a more so-
phisticated description of petal motion. However, even at
this stage, it became clear that the accuracy of classical
engineering models' agreement with experiment remains
an open question, especially when considering not only
the integral characteristics but also the petal’ lift curves
as main parameter.

Nevertheless, in subsequent developments, petal
valve single-mass models became the most widely
used (Fig. 2). They describe petal motion using a me-
chanical analogy such as "mass-spring-damper" [6].
This approach proved particularly convenient for two-
stroke engines, as it allowed the valve model to be incor-
porated into the overall calculation scheme of the operat-
ing process without resorting to 3-dimensional modeling.

In this group of study [7], gas flow through a two-
stroke engine's reed valve are researched and theoretical
and experimental data, providing a link between valve dy-
namics and the gas-dynamic characteristics of the intake
system, are compared. However, a typical limitation also
appears here: even with experimental data, primary atten-
tion is often focused on flow rate or integral characteristics
[4], while direct verification using petal lift curves is less
comprehensive and/or not given sufficient attention.
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Fig. 2. A Simplified single-mass reed valve
calculation model

As a result, the use of classical single-mass models
creates a dual situation. On the one hand, classical mod-
els can be viewed as a necessary and methodologically
important foundation, as they enable the construction of
compact models easily compatible with the description of
the working process of a pulse jet engine. These models
are simple, fast, and convenient for engineering calcula-
tions. However, the issue of their reliable verification, es-
pecially using direct experimental petal lift curves [8], re-
mains only partially resolved. When switching to new
operating modes, a different process frequency, a differ-
ent petal size, or a different valve grid geometry, it re-
mains unclear in advance how much they maintain their
accuracy. This is especially important for the present
problem, where the reed valve of a pulse jet engine is
studied over a wide frequency range.

For these reasons, the simplest single-mass model
of the "mass-spring-damper" type does not always accu-
rately describe the actual petal motion, especially with
large deviations, variable pressure drops, and complex
interactions with the air flow. This has led to the emer-
gence of studies that retain the general nature of the
model but introduce additional nonlinear elements, cor-
rection factors, and refined force laws.

A typical example of this approach is nonlinear
models of reed valves [9]. Unlike simple single-mass
models, this approach attempts to account for the more
complex nature of reed valve motion and improve the
model's fit to the real process.

Thus, nonlinear models can be viewed as a next step
in the development of classical engineering models. Such
studies are of particular interest because they occupy an
intermediate position between classical single-mass
models and resource-intensive three-dimensional model-
ing approaches. They demonstrate that even without
switching to 3-D modeling, enough improvement in the
reliability of the description is possible [10].

However, even with nonlinear models, the same
principled question remains: how fully and by what cri-
teria are they verified experimentally. If model improve-
ment is assessed primarily by integral characteristics or
indirect parameters, the question of the correctness of the
description of the reed valve lift itself remains open.
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On the other hand, an analysis of the work per-
formed on the above-mentioned models leads to an im-
portant conclusion: the key issue lies not only in choosing
a linear or nonlinear form of equations, but also in the
availability of a reliable experimental baseline that al-
lows for tuning and validating the model using petal lift
curves. Without such a baseline, even a complex model
will have limited applicability when transferred to other
operating modes and other valve sizes or designs.

The difficulties with further development of single-
mass models may have led to the emergence of three-di-
mensional (3D) modeling of reed valves, using FEA (Fi-
nite Element Analysis) numerical simulations as another
promising area of research. The transition to these types
of models was largely driven by the fact that a simple
single-mass design does not allow for accounting for dis-
tributed petal deformation, changes in its deflection, local
flow structure, and the influence of flow on the opening
and closing dynamics.

In one of the early studies in this area [11], reed
valve modeling was included in the CFD calculation of a
two-stroke engine. This work is important as an example
of the transition from an engineering mechanical analogy
to a more detailed description of the interaction between
the petal and the flow. A similar approach was subse-
quently developed in the form of a 2D model incorporat-
ing the full engine geometry [12].

Further development of this approach entailed a sig-
nificant increase in the complexity of the problem, as the
petal valve had to be considered in conjunction with the
spatial gas flow as CFD-approach (Computational Fluid
Dynamics), which together constituted a new class of
models — FSI (Fluid-Structure Interaction). In some studies
[13], the problem is really posed as a coupled one: gas flow
and petal lift are calculated jointly (Fig. 3), allowing for the
distributed nature of deformation and more complex forms
of petal-flow interaction to be taken into account.
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Fig. 3. An example of instantaneous pressure
distribution along a reed valve, obtained using
CFD modeling [7], demonstrates the need to adjust
the single-mass model constructed for ideal conditions

A similar approach is also presented in materials
from engine manufacturers [14], where FSI modeling of
a reed valve is accompanied by experimental validation

and is aimed at obtaining a description practically appli-
cable for a two-stroke engines. Such studies are of great
importance for the present study for several reasons. For
example, to obtain a more accurate description of the pro-
cess, it is indeed necessary to move from classical single-
mass models to spatial FSI models. On the other hand,
such studies demonstrate which effects are not captured by
a simple single-mass model: distributed petal deformation,
spatial bend, local flow structure, the influence of channel
shape, and unsteady flow interaction.

However, it is precisely here that the main limita-
tion of spatial models in the context of this study becomes
apparent. For engineering problems within thermody-
namic (0D) and one-dimensional (1D) gas-dynamic mod-
els of engine operation, such reed valve models prove ex-
cessively complex and resource-intensive. A spatial de-
scription of the reed valve itself requires a spatial descrip-
tion of the flow through the valve grid and adjacent duct
[15], which significantly complicates the solution. As a
result, FSI models should not be considered a direct re-
placement for concentrated mass engineering models, but
rather as a more detailed, but significantly more complex,
alternative.

A separate and fairly extensive group of publica-
tions consists of studies on reciprocating compressor reed
valves, as they examine in detail the impact processes of
petal-seat interaction, the influence of the lift limiter, the
spatial forms of petal motion, the flow in the gap between
the petal and seat, and the coupled interaction of the de-
formable valve with the flow.

It is in this area that FSI approaches, as well as ex-
perimental verification of petal motion, are compara-
tively widely developed. Thus, studies [16, 17] focus on
the combined calculation of flow and petal deformation,
as well as the comparison of numerical results with ex-
periment. A number of publications additionally analyze
spatial motion effects, including the torsional component
of petal lift and impact processes during interaction with
bounding elements [18]. More detailed formulations con-
sider full-fledged three-dimensional unsteady flow
through a compressor valve [19], which allows for the
most complete and accurate description of the flow dy-
namics and petal deformation.

However, the direct use of such models for the clas-
sic reed valve of a pulse jet engine cannot be considered
correct. This is due not only to the difference in the ap-
plication area, but also to the fundamentally different for-
mulation of the problem. In piston compressors, the reed
valve operates in a different geometry, under different
boundary conditions, with a different petal orientation
relative to the flow, and a different flow structure. The
free space between the petal and the seat, the height of
the stop, the contact with the retaining and guiding ele-
ments, and the specific kinematics of the valve all play a
significant role. Therefore, even with the external simi-
larity of the petal, the mechanics and gas dynamics of a
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compressor reed valve are not identical to the mechanics
of an angle reed valve in a pulse jet or two-stroke engine.
Thus, a review of the literature leads to the following
conclusion. On the one hand, classic single-mass reed
valve models remain useful and even necessary for engi-
neering calculations. On the other hand, the available liter-
ature lacks data to assess their accuracy and reliability in a
range close to the operating conditions of a pulse jet en-
gine. Detailed FSI models partially fill this gap, but prove
excessively complex for applied calculations. This contra-
diction defines the goal and objectives of this study.

2. The objective and tasks of the study

The objective of this study is to develop and verify
a single-mass model of angular reed valve motion. This
model is suitable for use in engineering thermodynamic
(0D) and one-dimensional gas dynamic (1D) models of
the pulsejet operating process and ensures consistency
with experimental petal lift curves.

To achieve this objective, the following tasks are
solved in this study:

1) Develop a single-mass mathematical model of
angular reed valve motion based on a mechanical analogy
with the introduction of correction coefficients;

2) Implement an algorithm for numerically calculat-
ing reed valve motion suitable for subsequent incorpora-
tion into an existing pulse jet engine model and its further
development toward a 1D description of the flow path;

3) Adjust the model parameters using experimental
data to ensure maximum agreement between the calcu-
lated and experimental petal lift curves.

4) test the performance of the same model structure
for different designs in several operating modes and eval-
uate which parameters are universal and which require
mode-specific adjustments;

5) analyze the physical meaning of the remaining
discrepancies between calculations and experiments and
provide recommendations on the possible application of
the developed model.

3. The study materials and methods

The key feature of this work was the extensive use of
artificial intelligence at all stages — from source analysis,
problem formulation, model type selection, algorithm cre-
ation, computational program development, and calcula-
tion execution to retrieving experimental data, digitizing it,
and converting it to the required graphical format, compar-
ing experimental and calculated data, and performing par-
ametric calculations to select correction coefficients.

As aresult, all work in this study was conducted ex-
clusively in ChatGPT, the professional version Plus.
Moreover, in addition to the scientific component, a sec-
ondary objective of this work was to demonstrate the po-
tential and advantages of using Al in scientific research

compared to the traditional "manual” search for sources,
writing custom algorithms and programs, or using exist-
ing standard programs.

3.1. Single-mass mathematical model of reed valve

In this paper, the calculation algorithm was derived
solely from a discussion of the problem in ChatGPT, and
its main principles are presented below. So, the reed
valve motion is described by a classical single-mass
model with a single generalized coordinate x(t), corre-
sponding to the lift of the petal free end (Fig. 1). A single-
mass "mass-spring-damper" system (Fig. 2) is used as the
basic dynamic scheme, for which the equation of motion
is written in the well-known standard form of a single-
mass oscillatory system [20]:

meeX () + cx(B) + kx(t) = F, (1), (1)

where x(t) is lift of the free end of the petal, m; x(t) is lift
speed, m/s; X(t) is acceleration, m/s?; mgg is effective
mass of the petal, kg; viscous damping coefficient,
Nes/m; k is effective stiffness, N/m; Fy(t) isequivalent
pressure force, N.

In a single-mass system, instead of directly specify-
ing the coefficient c, a more convenient parameter can be
introduced: the relative damping coefficient {. Indeed, for
a linear single-mass system, the critical damping [21] is

equal to
Cor = 24/ KM . (2)

If the relative damping coefficient is specified as the

ratio
C
= 3
g== 3)
then the coefficient ¢ is immediately obtained from for-

mula (2):

¢ = 23/ kmey. “

On the other hand, to determine the acting forces,
the petal should be considered as an equivalent cantilever
beam with a rectangular cross-section. For such beam,
the moment of inertia of the cross-section is determined
as [22]:

— bl”eedtla:eed
[= TR 6)
where breed is the petal width, m; treq is petal thickness, m.

The effective working length of the petal is deter-

mined by the expression:

Lesg =L — Lsupport' (6)

where L is the total petal length, m; Lsupport is the petal
support length, m.

For a cantilever beam with a concentrated force at
the free end, the linear stiffness is determined using the
formula from the classical Euler-Bernoulli bending the-
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ory through the relationship between the force and de-
flection of the cantilever beam at the free end [23]:

3EI
13
Leff

ko = @)
where E is the modulus of elasticity of the petal material,
Pa.

Since a real valve petal does not operate as an ideal
cantilever beam, a correction stiffness coefficientCyis in-
troduced into the model. This coefficient is an empirical
model coefficient that takes into account the differences
between a real petal and an idealized beam and is deter-
mined during tuning using experimental data. Based on
this, the effective stiffness of the beam is taken to be

k = Cpko. )

The physical mass of the petal is determined as

Mphys = Psbreeatreeals ©)

where ps is the density of the petal material, kg/m>.

For a cantilever beam in the first mode of vibration,
the effective mass at the free end of the cantilever beam
is approximately taken to be equal to the standard ap-
proximation used in single-mass approach [24]:

meff,O = 0.236 m

(10)

Since the mass distribution and vibration mode of a
real petal differ from the idealized cantilever scheme, a
mass correction factor C is introduced — an empirical co-
efficient determined during model adjusting, after which
the final value is:

phys*

(11)

The petal motion is excited by a pressure difference:

Ap(t) = Pup (t) - pdown(t)' (12)

Mefr = CppMegr -

where pup(t) is the pressure on the opening side of the
petal, Pa; pdown(t) is the pressure on the opposite side of
the petal, Pa.

In this study, two options for defining the pressure
drop were considered:

Ap = Patm — Pcranks Ap = Pinlet — Pcrank- (13)
where pamm is the ambient pressure at the inlet, piniet is the
pressure in the channel upstream of the valve, and perank
is the pressure in the chamber downstream of the valve.

Obviously, when the valve opens, the pressure drop
is determined by the first formula. However, as air in-
flows, the pressure in the channel upstream of the reed
valve drops, and the drop at the petal itself should be cal-
culated using the second formula.

To convert the pressure drop to an equivalent force,
the effective area of the petal load is introduced:

Actt = breedLietr- (14)

The basic pressure force is written as the usual rela-
tionship between force and pressure through area:

Fpo(0) = AegrAp (D). (15)

For a real valve, the pressure does not act on the
petal with equal effectiveness during the opening and
closing stages. This is clearly due to the pressure redistri-
bution along the petal's length (Fig. 3), changes in the gap
geometry, and differences in the flow during opening and
reseating. Therefore, to calculate the pressure force, two
independent coefficients are introduced into the model:

F (t) _ { Cp,openAefpr(t)’ q)(X),
P Cp,closeAefpr(t),

where Cpopen is the effective force coefficient during
opening; Cp.closed 1S the effective force coefficient during
closing; @ (x) is the correction function.

These coefficients allow the actual distributed aero-
dynamic force to be taken into account in the equivalent
force of the single-mass model. They have the following
physical meaning: if the coefficient is equal to 1, it is as-
sumed that the entire pressure drop acts on the effective
area of the petal, and if the coefficient is less than 1, the
actual force effect is decreased.

The correction function ¢(x) takes into account the
decrease in the effective force effect on the petal from
pressure forces as the petal lift increases in the open
mode. In accordance with the nature of the pressure
change along the petal (Fig. 3), the following function
form was adopted:

¢(x) =1-pn", (17)
where f is the force attenuation coefficient; n is the ex-
ponent defining the nonlinearity of the force distribution
along the petal length; xrer is the characteristic lift scale,
m; 1 is the normalized petal lift (n = 0-1,0):

Ap >0

ap<o. (19

0, x<0
N =3{%/Xper, 0 < x < 1. (18)
1, x=>1

Since the lift cannot be negative, the constraint x>0
is adopted. When the petal reaches the seat, the law of
restitution of the petal's velocity upon rebound from the
seat is used:

X+

(19)

where: eseat is the coefficient of restitution upon landing
on the seat; X~ is the impact velocity; X* is the rebound
velocity after the impact, which is generally less than the
impact velocity.

Data on the interaction of materials can be used as
a physical guide to determine the approximate value of
the coefficient of restitution eseat. For example, for the
impact interaction of metal plates with steel bodies, the
coefficient of restitution is approximately 0.4 [25].

= —€geatX ,
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However, this value can only be taken as a first approxi-
mation, since the direct transfer of these data to an angled
petal valve requires further clarification.

Additionally, and in a similar manner, an upper lift
limit X < Xstop is introduced, and when it is reached

o+

X (20)

= —€gtopX

where Xstop is the maximum petal lift, m; estwop is the ef-
fective loss coefficient in the region of maximum deflec-
tion. This parameter in the model is not necessarily inter-
preted as a consequence of impact with a real mechanical
stop. For an angled reed valve, it can describe in equiva-
lent form the set of losses and nonlinear effects in the re-
gion of large deflections.

Thus, the model has two groups of parameters.
These are parameters based on classical beam mechanics
and vibration theory I, Ko, mphys, Mefro, ¢, and parameters
introduced in this paper as correction coefficients Ck, Cm,
Cp.open, Cp.close, B, N, Xref, Xstop, €seat, Estop. Lhis separation
makes the model both physically understandable and
suitable for adjusting using experimental petal lift curves.

3.2. Numerical integration algorithm
and model software implementation

The numerical solution of the petal motion equation
can be performed by time integration with initial condi-
tions. The current values of the pressure drop across the
petal, as well as the current position, velocity, and accel-
eration of the single-mass system, were used as input data
at each step.

The initial conditions assume that at the initial time
t = 0 the petal's lift xi and velocity X; are zero. Then, at
the next calculation step, the current pressure drop Api is
first determined, after which the equivalent pressure
force Fp,i is calculated using the formulas given in Sub-
section 3.1. The petal acceleration is then determined
from the equation of motion (Newton's second law):

. Fp j—cXxj—Kkx;
Xi — p.i i 1.

@1)

Meff

After this, the velocity and petal lift at the next step
are calculated using an explicit second-order Runge-
Kutta finite-difference scheme [3] with a specified time
step. When calculating the motion, the above-mentioned
physical limitations of the model on lift and velocity, and
also recovery, are taken into account. This means that af-
ter each integration step, an additional check is per-
formed to ensure that the petal lift limitations are met,
with the velocity recalculated upon impact with the seat
or upon reaching the maximum lift.

To improve the stability and comparability of the
results, the integration step was chosen to be significantly
shorter than the characteristic time of the oscillation cycle
and the time of change in the pressure drop. This allowed
for the correct reproduction of both the petal opening
phase and its reverse motion upon closing.

The software implementation of the algorithm is
written in the Python environment as a separate calcula-
tion module, allowing for the use of various pressure drop
specifications. This calculation organization allowed for
the use of a single integration algorithm and diagram rep-
resentation for different problem formulations (Fig. 4).

Normalized / actual mixed value
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Fig. 4. Instantaneous changes in relative parameters
(pressure, temperature, speed, air flow, opening
cross-section, correction factors, petal lift) over time,
simulated in ChatGPT using a pre-configured reed valve
model operating within the valve grid of a pulse
jet engine [26]

To compare the calculated and experimental de-
pendencies, all pressure and lift curves were first con-
verted by ChatGPT to a single phase reference frame.
The origin was the instant of occurrence of the opening
pressure differential, corresponding to the onset of lobe
opening. The experimental and calculated dependencies
were then interpolated onto a single time grid, ensuring a
correct comparison of the curve shapes, maximum lift,
and phase positions of characteristic points.

Thus, the implemented numerical integration algo-
rithm provides an explicit time-domain solution to the
reed valve motion equation, takes into account physical
limitations along the petal's travel, allows for adjustment
(correction) in accordance with experimental data, and
can be directly used as a computational block within a
more general pulse jet engine model.

3.3. Experimental baseline and parameter
adjusting procedure

To verify the model, at a minimum, reed valve di-
mensions, pressure drop, and petal lift curves are re-
quired. However, when searching for experimental data
for verification, it became clear that there were very few
studies suitable for this task. As a result, the experimental
baseline in this study was the pressure drop and petal lift
curves provided in [2, 5, 9], as the most suitable for di-
rectly comparing the calculated and experimental lift
curves in a form sufficient for verifying the single-mass
model.
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The analysis utilized two operating modes for a
steel valve petal, corresponding to rotational speeds of
5430 rpm (90.5 Hz) and 9150 rpm (152 Hz), and one
mode at 4470 rpm (79.5 Hz) for a petal made of a non-
metallic material such as Glassfiber. With help of
ChatGPT, the experimental curves were pre-digitized,
then graphically cleaned, local artifacts removed, and
brought to a periodically consistent form over the interval
of one complete cycle.

Particular attention was paid to matching the edge
sections of the curves, as discontinuities at the junction of
the beginning and end of a cycle would lead to phase dis-
tortions during subsequent comparison of the calculated
and experimental curves (Fig. 5).
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Fig. 5. An example of experimental pressure drop (a)
and valve petal lift (b) diagrams [5] for 90,5 Hz regime
(digitized by ChatGPT)

To ensure accurate comparison of the calculated
and experimental curves, all curves were referenced to a
single phase reference system. The origin was the mo-
ment of occurrence of the opening pressure drop, corre-
sponding to the onset of petal opening. After phase refer-
encing, the pressure and lift values were interpolated onto
a single calculated time grid. This ensured accurate com-
parison not only of the maximum lift but also of the curve
shape as a whole, including the initial opening phase, the
section of maximum deflection, and the nature of the pet-
al's return to the seat.

The model parameters were adjusted to ensure max-
imum agreement between the calculated and experi-
mental lift curves. In this case, the values of the correc-
tion coefficients Ck, Cm, Cp.open, Cpclose, B, N, Xref, €seat
and estop Were selected.

The primary focus was not only on matching the max-
imum lift but also on coordinating other characteristics: the
moment of opening, the rate of lift increase, the position and
magnitude of the maximum, the shape of the descending
portion of the curve, and the nature of the petal's seating.

Thus, the model was tuned not just at a single point
or a single integral parameter, but across the entire x(t)
curve within the cycle under consideration.

4. Results

4.1. Model verification using experimental data
for a steel petal

In the first stage, the single-mass model was veri-
fied using experimental data [5] for a steel petal. The cal-
culated curves were compared with the experimental
petal lift curves after preliminary phase locking and time
scale matching (Fig. 6).
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Fig. 6. Verification of the proposed model,
performed in ChatGPT using experimental data [5]
for a steel petal and operating modes of 90.5 Hz (a)

and 152.5 Hz (b)
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For the 90.5 Hz mode, the proposed model ensured
almost complete agreement between the calculated and
experimental curves. Agreement was achieved not only
in the maximum lift but also in the overall shape of the
dependence, including the initial opening moment, the
rise section, the position of the maximum, and the subse-
quent closing. This demonstrates that the single-mass cir-
cuit with the introduced correction coefficients is capable
of adequately describing the dynamics of a steel petal in
this mode.

Good agreement between calculations and experi-
ment was also achieved for the 152.5 Hz mode. Further-
more, it was determined that the basic structure of the
model remains functional even at a higher process fre-
quency. At the same time, to achieve the most complete
agreement, it was necessary to modify the correction co-
efficients in the region of large petal deviations. This
demonstrated that the main difference between the two
modes lies not in the basic inertial-elastic model, but in
the description of petal behavior in the range of maxi-
mum petal lift value.

Comparison with the calculated curves presented in
[5] also shows that the single-mass model with correction
coefficients proposed in this paper provides closer agree-
ment with experiment for both modes (Fig. 6).

4.2. Model verification using experimental data
for a non-metallic valve petal

In the second stage, the model was verified using
data from [9] for a glassfiber petal at a process frequency
of f =79.5 Hz (Fig.7).

As aresult of adjusting the model for the reed valve,
good agreement was achieved between the calculated and
experimental curves for key parameters: the opening and
closing phase, the order of maximum petal lift, the gen-
eral shape of several lifts during the cycle, and the mo-
ment of final seating of the petal on the seat.

As aresult of adjusting the model for the reed valve,
good agreement was achieved between the calculated and
experimental curves for key parameters: the opening and
closing phase, the order of maximum petal lift, the gen-
eral shape of several lifts during the cycle, and the mo-
ment of final seating of the petal on the seat.

Thus, the single-mass model was successfully ap-
plied not only to a steel petal but also to a petal made of
a different material and with a different geometry. This
result is very important, as it demonstrates that the mod-
el's performance is not limited to a single specific case.
A single-mass design with correction coefficients main-
tains the ability to match experimental data even for a
glassfiber petal, that is, with significant changes in the
elastic and mass characteristics of the system.
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Fig. 7. Digitized in ChatGPT pressure-lift diagram [9]
for a non-metallic reed valve (a) and comparison
of the calculated lift diagram with the experimental one
(b) at a given experimental pressure drop

4.3. Model adjusting results and model accuracy
assessment

One of the main results of this study is the creation
of a table of model settings for different materials and
operating modes (Table 1). This table allows us to move
from the partial matching of individual curves to a mean-
ingful comparison of model parameters and an analysis
of physic process feature.

The table shows the initial geometric and mechani-
cal parameters of the valve petals, operating modes, and
sets of correction coefficients that ensure model con-
sistency with experimental data for three cases: a steel
petal at 90.5 Hz and 152.5 Hz, and a non-metallic glass-
fiber petal at 79.5 Hz.

The model error assessment yields the following
values for the mean model error (Mean Absolute Percent-
age Error MAPE) and the systematic bias per cycle
(Table 2).
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Thus, the model shows an absolute error of 7.4-
11.3% with a systematic bias of -6.4 to 5.2% over the
considered range of operating modes, reed valve dimen-
sions, and materials.

5. Discussion

The results obtained demonstrate that the proposed
single-mass reed valve model is generally capable of re-
producing experimental petal lift curves for both the steel
reed valve [5] and the glassfiber RV2 reed valve [9]. This
means that this simple model, combined with correction
coefficients, can be used as a practical basis for engineer-
ing modeling of the reed valve.

A comparison of the two modes for the steel reed
valve revealed that most of the coefficients remain stable
with frequency changes, with only the loss coefficient re-
maining the most sensitive parameter in the range of large
reed valve deflections. This transforms the resulting sin-
gle-mass model from a specific fitting model into a tool
for comparative analysis of reed valve dynamics.

A comparison of the third set of parameters revealed
another pattern: when switching from a steel reed valve
to a fiberglass reed valve, the stiffness, mass, damping,
and force coefficients change significantly. In particular,
the fiberglass petal required lower values for the coeffi-
cients Ck and Cm, significantly greater relative damping
{, a weaker effective opening force, and a stronger effec-
tive closing force.

Table 1
Adjusting the model coefficients for steel and glassfiber petals
Parameter / coefficientname | Symbol | Equation No. | Steel reed|[5] | Glassfiber reed [9]
Initial data
Reed width, m breed — 0.0227 0.0220
Reed length, m L — 0.0320 0.0290
Reed thickness, m treed — 0.00020 0.00046
Effective working length, m Lefr — 0.0280 0.0290
Young’s modulus, Pa E — 2.07x10" 2.15%101°
Material density, kg/m? Ps — 7800 1850
Correction factors and coefficients
Stiffness correction factor Ck ) 0.75 0.63
Mass correction factor Cm [€8)) 1.50 1.15
Relative damping ratio 4 3,4 0.00 0.20
Opening force coefficient Cp,open (16) 0.35 0.22
Closing force coefficient Cp,close (16) 0.40 0.75
Lift-force weakening coefficient B 17) 0.30 0.00
Exponent of weakening law n 17) 1.5 2.0
Seat restitution coefficient €seat (19) 0.40 0.10
Operating mode and final adjustment
Rotationalspeed, rpm Nrpm — 5430 9150 4770
Frequency, Hz f — 90.5 152.5 79,5
Upper-limit loss coefficient €stop (20) 0.35 0.05 0.10

Table 2
Model error assessment

Reed f, Hz MAPE, % Syst. bias, %
Steel 90,5 11,3 52
Steel 152,5 8,5 0,2
Glassfiber 79,5 7,4 -6,4

Meanwhile, for the RV2 petal, there was virtually
no need for additional weakening of the opening force as
lift increased, since the coefficient B was accepted
equaled zero.

However, the main result of the study is not so much
the agreement between the calculated and experimental
diagrams, but rather the creation of the table (Table 1) of
model settings for different materials and operating
modes.

The Table 1 allows us to see which coefficients re-
main relatively stable and which change significantly
from one case to another. For the steel petal, most of the

coefficients remain similar at two frequencies, and the
most sensitive parameter is the upper-limit loss coeffi-
cient in the region of large deviations. For the non-metal-
lic petal, there is not only the loss coefficient change, but
also the coefficients of stiffness, mass, damping, and
force action. Consequently, the model cannot be consid-
ered a scheme with a universal set of coefficients; how-
ever, its structure and calibration of the coefficients allow
it to be adapted to a specific material and operating mode.

The obtained result, including an error of 7.4-11.3%
with a systematic bias from -6.4 to 5.2% (Table 2), does
not reveal any unique properties of the model. However,
it does demonstrate the model's overall stability and the
possibility of controlling its properties using correction
coefficients. Consequently, the achieved result can be
considered an extension of the classical engineering ap-
proach based on targeted tuning using experimental data.
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From a practical standpoint, this determines the
model's applicability. It remains significantly simpler
than 3-dimensional FSI models, does not require calcu-
lations of distributed petal deformation or spatial air
flows, and is therefore suitable for inclusion in zero-di-
mensional and one-dimensional models of pulsating
motors [26]. This is its main advantage: with a relatively
simple structure, it allows agreement with experiment
for comparable dimensions and within a similar operat-
ing range.

However, the model contains limitations. It does not
describe the distributed nature of petal lift and does not
account for higher vibration modes. Therefore, its appli-
cation should be limited to the range of modes and de-
signs for which verification or similarly meaningful co-
efficient tuning has been performed. Thus, the proposed
single-mass model should be considered as an intermedi-
ate, however practically useful option between the sim-
plest un-adjusted engineering schemes and extremely re-
source-intensive FSI models.

The method for implementing the work using artifi-
cial intelligence at all stages should be separately as-
sessed. The obtained result demonstrates that proper
problem formulation, continuous monitoring, and guid-
ance of Al actions in model development and verification
at all stages ensures not only high speed and quality of
research, but also a high degree of elaboration of the pro-
cesses within the adopted concept. This demonstrates the
exceptionally high, but still underestimated, potential of
using Al in scientific research.

Conclusions

1. Analysis of the completed research revealed that
both classic single-mass engineering models and more
complex three-dimensional models exist for reed valves.
Simple models cannot reliably describe reed motion
without verification and specialized adjusting, while
three-dimensional models fit poorly into engineering
thermodynamic and one-dimensional gas-dynamic mod-
els of the pulse jet engine operating process.

2. A single-mass mathematical model of reed valve
motion was developed with help of AI ChatGPT, based on
mechanical analogy of the "mass-spring-damper" type, but
supplemented with a system of correction coefficients that
account for the deviation of actual reed valve behavior
from the idealized cantilever configuration.

3. A computational program in the Python envi-
ronment was completely written by Al ChatGPT, imple-
menting an algorithm for the numerical integration of the
valve petal motion equation, suitable for use in the exist-
ing thermodynamic model of a pulse jet engine and its
further development towards a one-dimensional gas dy-
namic description of the operating process.

4. Using experimental data, the parameters of the
developed model were adjusted to the petal lift curves,

and the values of the correction coefficients were deter-
mined. Testing the model for a steel petal at 90.5 and
152.5 Hz, as well as a non-metallic glassfiber petal at
79.5 Hz, showed that the proposed single-mass approach
provides sufficiently accurate agreement between the cal-
culated and experimental dependencies. The model error
turned out 7.4-11.3% with a systematic bias from -6.4 to
5.2%, suggesting that the model represents a reasonable
development of the classical engineering approach based
on targeted tuning using experimental data.

5. It was established that the main differences be-
tween the studied modes are concentrated in the range of
large petal deviations, with the parameter responsible for
energy losses in the maximum petal lift zone being the
most sensitive to changes. This suggests that the remain-
ing discrepancies are mainly associated with nonlinear
boundary effects. As a result, when properly configured,
the proposed single-mass model with correction coeffi-
cients occupies an intermediate position between the sim-
plest un-adjusted engineering models and resource-inten-
sive FSI models and can be recommended for use in en-
gineering analysis and preliminary design of pulse jet en-
gines.

6. The obtained result demonstrates that a proper
problem statement, continuous monitoring, and guidance
of Al efforts in model development and verification at all
stages ensures not only high speed of work and quality of
research, but also a high degree of elaboration of pro-
cesses within the adopted concept.

7. Future research is planned to address issues of
model verification and adjusting based on experimental
flow rate characteristics of a reed valve, with subsequent
implementation of the model in pulse jet engine compu-
tational models, as well as to quantitatively evaluate the
advantages of its use in place of un-adjusted classic sin-
gle-mass reed valve models.
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PO3POBKA MATEMATHUYHOI MOJIEJII TA ITIPOT'PAMHOI'O 3ABE3INIEUEHH S
JJIA MOAEJIOBAHHSA IBUT'YHIB 3 HEPIOAUWYHUM POBOYUM ITPOLHECOM
3 BUKOPUCTAHHSAM CEPBICY HITYYHOI'O IHTEJIEKTY

O. E. Xpynes

Y poGoTi po3riIsiHyTO 3aBAaHHS MOOYI0BH MaTeMaTHYHOT MOJIENIi IEJF0OCTKOBOTO KJIanaHa, IPUAaTHOI JUIsl BU-
KOPHUCTaHHS B TEPMOIMHAMIYHUX HYJIb-MIPHUX 1 OHOBUMIPHHUX ra30MHaAMIYHAX MOJAENISX POOOYOTo MPOLECY ITyJIb-
CYIOUOTO MOBITPSIHO-PEaKTHBHOTO NBHTyHA. [IpeamMeT mocTixKeHHs: ETFOCTKOBHI KJIalaH MyJIbCyKO4YOro ABUTYHa.
ITokasaHo, 10 TPOCTi OHOMACOBI KJIACHYHI MOJEI HETIOCTKUA MAFOTh HEJOCTATHIO TOYHICTh, YHACIIOK YOI0 BUMa-
rarote Bepudikamnii Ta HanmamryBaHag. OHAK, HE3BAYKAIOUX Ha BEJIHKY KiJBbKICTh MyOIIiKamii 3 IeTOCTKOBHUX KIIama-
HIB, KUTBKICTh POOIT, 10 MICTATh EKCIIEPUMEHTANBHI KPUBI TiIHOMY TIEIIFOCTKH, TOCTATHIX I MPSAMOT BepHudikarii
B Jlialia30Hi 9acToOT, OJU3BKUX 10 YMOB pOOOTH MyJIbCYIOUOTO ABHI'YHA, 3UIMIIAETHCS 0OMExXeHNM. MeToro podoTn
€ CTBOPEHHSI, 33 JIONIOMOT'0I0 IITYYHOTO IHTEJIEKTY, OJJHOMACOBOI MAaTEMAaTUYHOI MOZIEJ PyXY HEJIFCTKH, OCHOBaHOT
Ha MeXaHi4YHii aHasorii Tuy "Maca-npyxuHa-aemidep”, ajie JONOBHEHOIO CHCTEMOIO KOPHUTYIOUHX KOS(ili€HTIB.
3aBaaHHA: po3pOoOUTH OJJHOMACOBY MaTeMaTHYHYy MOJIEJb HEII0CTKOBOTO KiallaHa, alillrOPUTM i IPOrpaMy YuCelb-
HOTO pPO3paxyHKy PyXy NEJIOCTKH, BAKOHATH HaJAIITYBaHHS [TapaMeTpiB MOZEJ 32 EKCIIEPUMEHTAILHIMH JTaHUMH,
MIEPEBIPUTH MPAIEe3qaTHICTh MOJCTI U Pi3HUX KOHCTPYKIHM Ta Ha PI3HUX pexXHMax poOOTH, a TAKOXK OLIHUTH ii
JOCTOBIPHICTB Ta 3aCTOCOBHICTE. MeToau AocaimkeHHs. /s BUPILICHHS PiBHAHD pyXy HETIOCTKA BUKOPUCTAHO ajl-
TOPHUTM YHCENFHOTO iHTETPYBaHHS 3 YpaxyBaHHSIM 0OMEXEHb MO0 MiAHOMY Ta BTpAT €HEpTii IpH Imoca i Ha Ci/110
Ta B 00J1aCTi MaKCUMAaJIFHOTO TiniioMy. B sKOCTi ekcrieprMeHTaIbHO1 0a3u BUKOPUCTaHI OITyOIiKOBaHi AiarpaMu TH-
CKYy Ta MiIHAOMY JUIsl CTaJIEeBOI Ta HEMETAIIYHOI NeMOCTOK. Pe3yjabTaTu. BUKOHaHO HanamTyBaHHS NapaMeTpiB Mo-
JIeNi 32 eKCIIEPUMEHTaIbHIMH KPUBUMH MidoMy i peskumiB 79,5 I, 90,5 ' i 152 T'u. YcraHoBI€HO, IO 3ampo-
MOHOBaHA MOJIeJIb 3a0e3Meyuy€e rapHe y3roJDKEHHs PO3paxyHKOBUX 1 €KCIIEpHMEHTaIbHUX 3HA4YeHb MiJHoMYy Helroc-
TKH B JJAHOMY Jliana30Hi pekuMiB pobotu 3 moxubkowo 7,4-11,3%. IToka3aHo, 1110 OCHOBHI BiJIMIHHOCTI MiX PEXKU-
MaMH 30CEPEXKEHO JHIIe B chepi BEIMKUX BIIXWIEHb NEIIOCTKH. BicHoBKH. Po3pobiieHa oHOMacoBa MoJeb Te-
JIFOCTKOBOTO KJIallaHa 3 KOPUT'YIOUMMH Koe(illieHTaMu 3aiiMae MpoMi>KHE MOJI0KEHHS. MK HaAHIPOCTIIIMMH HEHaa-
IITOBAaHUMH iHXKCHEPHUMHU MOJICIISIMU Ta PECYPCOMICTKIMH IPOCTOPOBHMH MOJCISIMH, IO JO3BOJISIE PEKOMEHYBaTH
ii Ju1s 3acTOCYBaHHA B 337a4aX IH)KEHEPHOTO aHAI3y Ta MOMEPEAHHOrO MIPOEKTYBAHHS MyJILCYIOUHX IBUIYHIB.
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