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EVALUATION OF THE SCATTER OF LIQUID LAUNCH VEHICLE
POGO OSCILLATION AMPLITUDES DUE TO THE INFLUENCE
OF THE SCATTER OF INTERNAL FACTORS

Almost all liquid launch vehicle developers faced the problem of ensuring stability in relation to POGO oscillations. The level of POGO
amplitudes oscillations of the launch vehicle can be significantly affected by the scatter of internal factors. The study aims to create a
mathematical model that can determine the range of POGO amplitudes in liquid launch vehicles. This will be demonstrated through
the example of the Dnipro launch vehicle, which is affected by a variety of internal factors that cause its POGO amplitudes to vary.
We developed the non-linear non-stationary mathematical model of POGO oscillations of the prototype of the Dnipro space launch
vehicle. The model is built by taking into account the two lower vibration modes of the LV structure, two lower oscillation modes of
the oxidizer feedline, and the first oscillation mode of the fuel feedline of the propulsion system. Modeling of dynamic processes was
conducted in a combination of four liquid rocket engines based on the schematic of the staged rocket engine. The simulation takes into
account cavitation phenomena in the engine pumps and delay times in the gas generators’ chambers. We have developed a method for
determining the scatter of the POGO oscillations caused by the action of internal factors, which is based on the use of the LP_uniformly
distributed sequences. As internal factors, the frequencies, decrements, and shapes of LV structural oscillation modes, the values of
pressurization of the propellant tanks, and the engines’ specific thrust impulses were considered. Based on the results of the calculations,
the dependence of the POGO amplitudes in two regions of LV instability was determined, and the lower and upper enveloping curves
for the POGO amplitudes were constructed. It is shown that the maximum POGO amplitudes oscillations in the first region of instability
lie in the range from 0.23 g to 0.72 g and in the second region of instability — from 0 g to 0.60 g. Variants of combinations of internal
factors, which provided the largest and smallest values of POGO amplitudes, were analyzed. This made it possible to determine the
internal factors, the scatter of which has the greatest effect on the POGO amplitudes scatter: frequency, decrement, shape coefficients
of oscillations of the oxidizer feedlines and the LV Ist mode structural longitudinal oscillations in the payload cross-section.
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internal factors, scatter of amplitudes of longitudinal vibrations.
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INTRODUCTION

An integral component of the complex of prob-
lems solved in the case of creating liquid-propellant
launch vehicles (LVs) is ensuring their longitudinal
stability (POGO phenomenon). All developers of
medium and heavy-class Vs have encountered this
problem in the USA [23], in the USSR [7], in the
European Union (France) [2], in Japan [27], in Chi-
na [22], and in South Korea [4]. An increase in the
amplitudes of longitudinal vibrations of the launch
vehicle structure, which occurs during the loss of
LV POGO stability, poses a threat to the integrity of
structural elements and the execution of the LV flight
program as a whole. In addition, as indicated in [11],
despite the presence of general patterns inherent in
the POGO phenomenon, each of the cases of loss of
POGO stability of new launch vehicles has its own
characteristics and is realized in a unique form. Cur-
rently, the creation of liquid launch vehicles is always
accompanied by an analysis of their POGO stabil-
ity and the development of measures to eliminate
POGO vibrations (in case of LV instability) [3]. The
most common means of eliminating the POGO in-
stability of the launch vehicle or reducing the ampli-
tudes of the POGO vibrations of the LV structure to
acceptable values is the installation of POGO sup-
pressors [19]. Such a planned and consistent solu-
tion to the problem of ensuring POGO stability was
implemented during the creation of the Zenit liquid-
propellant launch vehicle [15].

Currently, the development of methods for analyz-
ing the POGO stability of liquid launch vehicles is
directed towards a more detailed and complete ac-
count of physical processes and phenomena in the
model of LV longitudinal vibrations. Thus, in [26],
for analyzing the LV POGO stability, the propulsion
systems of two propellants are studied. In [28], to take
into account LV design features in more detail and
simplify calculations, the main physical elements are
divided and combined into nine types of generalized
elements. In [29], to improve the results of POGO
analysis, a method for three-dimensional modeling
of a tank near the intake device was developed. In
work [5], a finite element model of a coupled “pro-
pulsion — rocket structure” dynamic system was de-
vised for POGO analysis. In [6], special attention is
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paid to taking into account cavitation phenomena in
pumps based on the results of experimental studies.

Theoretical analysis of the POGO stability of lig-
uid launch vehicles and the selection of parameters
of POGO suppressors (if necessary) are carried out
based on a study of the “LV structure — propulsion
system” linear dynamic system. The corresponding
linear mathematical model of POGO oscillations of
the launch vehicle describes a wide range of physical
processes and phenomena of various natures that oc-
cur during LV flight in the LV structure at different
filling levels of its propellant tanks and in the pro-
pulsion system [24]. This mathematical model is very
complex [19]. To determine the amplitudes of POGO
oscillations of the launch vehicle, we need a nonlin-
ear dynamic model of the “LV structure — propulsion
system” that accounts for the effect of limiting the
growth of the POGO vibration amplitudes due to the
system’s nonlinearity. The nonlinear model is more
complex than the linear one and must also be non-
stationary since the parameters of the longitudinal
modes of the launch vehicle structure change signifi-
cantly over the flight time [10, 11].

Due to the extreme complexity of developing a
nonlinear model of POGO vibrations, the use of the
model is observed in unique cases. These include the
determination of the amplitudes of longitudinal vi-
brations of the Cyclone [10] and Dnepr [11] launch
vehicles. Currently, the use of nonlinear models of
longitudinal vibrations is justified in the case of mod-
ernizing existing launch vehicles that had acceptable
values of the amplitudes of POGO vibrations.

Modernization of existing L'Vs for their commercial
use requires significantly less time, material, and finan-
cial resources than the creation of new LVs. As a result
of this modernization, the “Cyclone” and “Dnepr”
liquid-propellant launch vehicles were developed by
the Yuzhnoye Design Bureau and produced by the
State Factory “Production Union Pivdennyi Machine-
Building Plant named after O. M. Makarov” [1]. The
prototype rockets of these launch vehicles were unsta-
ble to POGO vibrations, but the amplitudes of these
vibrations had acceptable values [10, 11].

The modernization of these LVs is usually accom-
panied by an increase in the mass and dimensions of
the payload and can lead to an increase in the ampli-
tudes of POGO oscillations and an increase in their
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permissible level [12, 14]. However, before the launch
of the modernized LV, it is possible to estimate the
amplitude of POGO oscillations only by computa-
tion [10, 11].

Note that the POGO amplitudes of the LV oscil-
lations are significantly influenced by a number of
internal factors, the scatter of which can significantly
change the value of the parameters of the POGO
vibrations of the launch vehicle. Such factors in-
clude the frequencies, shapes, and decrements of the
natural longitudinal vibrations of the launch vehicle
structure, the characteristics of the pressurization of
its propellant tanks, and the characteristics of liquid
rocket propulsion systems (LRPU). The variations in
these factors are due to technological reasons, varia-
tions in the tank filling level, temperature and pres-
sure of propellants, variations in the level of pressur-
ization of propellant tanks and engine thrust.

The purpose of the article is to develop a mathe-
matical model and determine the scatter of POGO
amplitudes of liquid-propellant launch vehicles for
the case of the Dnepr launch vehicle (as the model
example), caused by the scatter of a set of internal
factors.

1. MATHEMATICAL MODEL OF POGO
OSCILLATIONS OF THE LAUNCH VEHICLE

In this work, the determination of the scatter in the
amplitudes of POGO vibrations of liquid launch ve-
hicles, caused by the scatter combination of internal
factors, was carried out using the example of the pro-
totype rocket of the Dnepr space launch vehicle [1].
During flight tests of this launch vehicle, it was found
that in the active part of its flight during the propul-
sion system operation of the LV stage I there are two
ofthe POGO instability time intervals (see Fig. 1). In
the first time interval (from 1 s to 30 s of LV flight),
the frequencies of POGO vibrations were in the
range from 9 Hz to 12 Hz. In the second time interval
(from 70 s to 100 s of flight), the oscillation frequen-
cies were in the range of 15 Hz to 20 Hz. The maxi-
mum recorded values of the POGO structure ampli-
tudes of the acceleration oscillations in the rocket’s
instrument compartment were 0.6 g in the first time
interval and 0.20 g in the second time interval.

The layout diagram of the LV 1st stage propulsion
system under consideration is shown in Fig. 2. Its
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Figure 1. Experimental frequencies () and amplitudes of the
LV POGO acceleration oscillations (b) vs. the flight time of
the first stage of the “Dnepr” launch vehicle [11]

Tank O

HTO
th
Gas pipeline Hyp
h Gas
20 generator
h
Turbine F
Pump O
Combustion 1J et pump O
chamber
Jet pump F

PumpF Pump2F

Figure 2. The computation layout schematic of the first stage
propulsion system of the launch vehicle



0. V. Pylypenko|, S. I. Dolgopolov, N. V. Khoriak, O. D. Nikolayev

clustered propulsion system includes four main en-
gines, designed according to the rich-oxidizer staged
propulsion schematic. The engines are supplied with
oxidizer from a common main pipeline. Fuel is sup-
plied to the engines by autonomous pipelines.

Each engine includes an oxidizer pump (in Fig. 2
designated by pump O) and first- and second-stage
fuel pumps (pump F, pump 2F), which are located
on the same shaft of the turbine. The working gas for
operating the turbine comes from the gas generator,
where gasification of the entire oxidizer and combus-
tion of the fuel, coming from the second stage fuel
pump, occurs. After performing work on the turbine,
the generator gas enters the combustion chamber
through the gas duct, where it interacts with the main
fuel flow and creates engine thrust. At the inlet to
pumps O and F, the ejector pumps O and F (jet pump
O, jet pump F) are installed to increase the cavitation
margins of the main pumps O and E The active fluid
for the operation of the ejector pumps is taken from
the outlet of the main pumps O and F. Presented in
Fig. 2, filling levels H,, and H,, of the O and F
tanks are variable during the LV flight. The projec-
tions of the feedlines O and F onto the vertical axis
are indicated by h,,, h,,,and h, .

In this work, the elastic longitudinal oscillations
of the LV structure as a part of the “LV structure —
propulsion system” dynamic system were described
according to the basic principles outlined in the work
[9]. The two lower modes of the longitudinal vibra-
tions of the LV structure were taken into account,
the frequencies of which are in the same frequency
range as the frequencies of the two lower modes of
the oxidizer feedline and the frequency of the first
oscillation mode of the fuel feedline of LV propul-
sion system. The equations of the forced longitudinal
oscillations of the LV structure relative to the flight
path time for the i-th mode of structural oscillations
have the form
dzz,. . o,(t)d,(t,n,) dz, N B,(t)oR,

dr’ n m, (t)
where z, is the longitudinal deviation of the /-th gen-
eralized coordinate of the LV structure relative to the
position on the flight path, t is the LV flight time,
o,(t) is the cyclic frequency of the i-th mode of the
longitudinal oscillations of the LV structure, B,(¢) is

6

o (t)z, = , (1)

the shape of the i-th mode of the longitudinal oscil-
lations of the LV structure at the place of attachment
of the propulsion system, R, is the deviation of the
total propulsion system thrust of the LV first stage,
caused by the POGO oscillations of the LV, m (t) is
the reduced mass of the mode of the longitudinal os-
cillations of the LV structure, §,(t,n,) is the depen-
dence of the decrement of the i-th mode of the lon-
gitudinal oscillations of the LV structure on the flight
time and the amplitude of the oscillations, which was
set as follows:

8,(t, n,)=38,(t)+a-n,’, 2)
0,(t) — the dependence of the decrement of the
i -th mode of the longitudinal oscillations of the LV
structure on the flight time, a is a constant coefficient
determined from experimental data (a = 0.044).

The characteristics o,(¢), 6,(t), B,(t) and m ()
were determined for different values of the LV flight
time according to work [9]. In this work, linear equa-
tions of longitudinal vibrations of the LV structure
similar to (1) were used. The dependence of the
decrement of longitudinal vibrations of the launch
vehicle structure on the flight time and amplitude
of vibrations §,(t, n,) are significant nonlinearities
in the problem of longitudinal vibrations of liquid-
propellant rockets [11]. Their use turns the equations
of longitudinal vibrations of the launch vehicle struc-
ture into nonlinear ones.

It was believed that the deviation of the engine
thrust SR, is proportional to the deviation of the
pressure in the engine combustion chamber

6Rz th(Pc_pc)/Pc > (3)
where p_, p, is the current and nominal pressure in
the chambers of the cruising engine, R, is the total
propulsion system thrust of the LV first stage.

Modeling of fluid dynamics in feedlines, taking
into account wave processes in the fluid, was carried
out using the impedance method [16]. At the same
time, the equivalence of models with distributed and
concentrated parameters was ensured in the frequen-
cy range covering the frequencies of the two lower
modes of the liquid natural oscillations.

The interaction of fluid oscillations in the engine
feedlines and the vibrations of the rocket structure
were taken into account in the equations of motion
of the propellant in each section of the feedline:
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JJ+

p‘+ p
j+l j ,Y]

+yjhj(n (t)+ J Jdt]’ 4)

where j is a pipeline section number, p;, pj., are
the pressure at the pipeline boundaries, a e J] are
coefficients of hydraulic and inertial pressure losses,
G]. is the propellant flowrate at the j-th section of
the pipeline, Y; is the propellant specific weight,
h]. is the height of the liquid column in the pipeline
section; n_ (¢) is the dependence of the overload of
the LV center of mass on the flight time, which is
determined by the results of ballistic calculations; g
is the acceleration of gravity, f3, j(t) is the dependence
of the coefficient of the form of the j-th mode of the
structural natural longitudinal vibrations on the time
of flight for the j-th section of the pipeline, k is a
number of considered modes of natural longitudinal
oscillations of the LV structure.

Mathematical models of liquid rocket engines
(LREs), used in the modeling of longitudinal oscil-
lations of the launch vehicle, describe the dynamics
of LREs at steady-state operating modes. The re-
quirements for these models are significantly lower
than for the models that describe the LRE dynamics
in transient modes — in particular, at engine start-
up and shutdown modes. However, a large number
of various dynamic processes of different natures
are observed even in steady-state engine operation
mode. Mathematical modeling of these processes
is the most difficult in the development of the “LV
structure — propulsion system” dynamic system [3,
5]. The mathematical model of LRE low-frequency
dynamics should describe liquid flows taking into ac-
count wave processes, subsonic and critical gas flows,
thermophysical processes of gas formation, ignition
and combustion in the gas generator and combustion
chamber, mechanical processes during the opera-
tion of the turbopump unit, flow regulator and other
units. Often, systems of equations describing low-
frequency engine dynamics contain hundreds of dif-
ferential and algebraic equations [18, 21].

A special place in the modeling of LRE dynamic
processes is the taking into account cavitation phe-
nomena in engine pumps. Due to their great flexibil-

=URRP TS
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ity, cavitation cavities with a relatively small volume
completely change the LRE feedlines’ oscillation
frequency. Taking into account cavitation phenom-
ena in engine pumps has been consistent with the
hydrodynamic model of cavitation pumps [16] with
the results of the current experimental results from
work [13]. In this case, the same form of equalizing
the cavitation dynamics and equalizing the dynamic
pressure at the outlet of the cavitation pump, like in
the paper [17], was established:

1+a )ﬂ:GI—GZ iR, dG, iR, dG, ’
Pt C, dt dt
~ dG
p2:p1+pp.pp(‘/b)_]p dt2 5 (5)

where p,,G, are the pressure and fluid flowrate at
the pump inlet, p,,G, are the pressure and liquid
flowrate at the pump outlet, Py f)P(Vb) are the
pressure and cavitation function of the pump, V,
is a cavitation volume, J , is the coefficient of liquid
inertial resistance in the flow part of the pump, o, is
a dynamic coefficient

a,= a(BlTb)/apl (G, -G,);

C,= —y/ B, is cavitation compliance, R
are cavitation resistance coefficients:

BZ(pl’Gl) :apl/aGl >
R, =B,-B, -Tb/y+6pbd/8G -3(BT,)/0G,(G,-G,),

=BT, / Y;
B, T, — elasticity and the time constant of cavitation
cavities, y is the specific gravity of the liquid, p,, is
the pump breakdown pressure.

In LREs, based on a rich-oxidizer staged combus-
tion schematic, the operating process in the gas gen-
erator must be described in terms of conversion time
delay (of liquid propellant to combustion products)
and the residence time of the gas in the ignited vol-
ume of a gas generator

(20 Rb2’ B

dp (RT). . .
a v, CwtCw G
“ . (6)
(RT),, = f(ky), ky G‘fg" ,
wf
dG’ dG»
& _g8°+G” =G, Y .G =G, (7
K 7 w = O ()



0. V. Pylypenko|, S. I. Dolgopolov, N. V. Khoriak, O. D. Nikolayev

*

L dRT), *
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2
2 K K
6ok, g Pu P {P_] ‘ (P_] “ |
Kg —1 (RT)gg Dy Dy

)
where p,, (RT) « > K are the pressure, efficiency,
and adiabatic index of combustion products in the
gas generator, Vgg, Fgg are the volume and critical
cross-sectional area of the gas generator, kgg is the
propellant ratio in the gas generator, Gggo , G o ATe
flowrates of liquid propellant components in the
LRE gas generator; G, is the gas flowrate at the
gas generator exit, Py is the gas pressure in the
gas pipeline, t¥ is a time of conversion of liquid
propellant components into gaseous ones, T is the
residence time of combustion gases in the generator.

Operation processes in the gas manifold are de-
scribed by a system of equations similar to system
(6)—(9).

For rich-oxidizer staged propulsion engines, tak-
ing into account the time delay of propellant gasifi-
cation and the gas residence time in equations of the
gas generator dynamics and the gas manifold is man-
datory. It is important that, in such engines, the gas
generator, gas duct, and turbopump unit create an
additional closed internal engine combustion circuit.
The time of mixing and the gas residence time ¥,
¥ in the gas generator and gas manifold ¥, ¥,
as well as the moment of turbopump unit rotor iner-
tia, determine the frequency of the oscillating circuit.
This circuit can strongly influence the engine gain
factor, and errors in determining its characteristics
can distort the results of determining the amplitudes
of longitudinal oscillations. Delays in the equations
of the dynamics of the combustion chamber do not
have a noticeable effect on the engine dynamic gain
since their values are much smaller, and the combus-
tion chamber is not included in the specified circuit
[18]. Work processes in the combustion chamber are
described by a system of equations similar to (6)—
(9), but without taking into account delays.

The complete system of equations (1)—(9), de-
scribing the POGO vibrations of the analyzed launch
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vehicle, contains more than 100 ordinary differential
equations with variable coefficients, while the dy-
namic processes of each of the four rocket engines
are modeled separately.

2. INTERNAL FACTORS INFLUENCING
THE SCATTER OF AMPLITUDES OF POGO
OSCILLATIONS OF THE LIQUID LAUNCH VEHICLE

Due to the uniqueness of the realization of the loss
of POGO stability by different liquid LVs, the list of
internal factors that affect the spread of amplitudes
of POGO oscillations in each specific case may be
different. In addition, the list of internal factors also
depends on the calculation scheme and the content
of the mathematical model of POGO oscillations of
the launch vehicle.

In particular, in the “LV structure — propulsion
system” dynamic system, the longitudinal oscilla-
tions of the LV structure can be modeled on the basis
of various calculation schemes. If the modeling of the
POGO oscillations of the rocket is performed taking
into account the individual longitudinal modes of
its structure (as in this case), then in the calculation
scheme, the elastic oscillations of the structure are
simulated by their mechanical analogues — several
oscillators with damping — and are described ac-
cordingly by several equations of oscillating links. In
this case, the internal factors influencing the ampli-
tudes of POGO oscillations of the LV on the part of
the structure are the frequencies, decrements, and
shapes of its natural longitudinal oscillations. If a
more detailed calculation scheme of the LV struc-
ture is used in the modeling of the POGO oscilla-
tions, in which it is represented by a branched chain
or a complex multi-link system of finite elements (for
example, [8]), then such factors are the elastic-mass
characteristics and damping coefficients of the oscil-
lations of these elements.

Internal factors should also include propellant
tank pressures, which scatter of values affects cavita-
tion phenomena in pumps and changes the natural
frequencies of liquid oscillations in engine propul-
sion systems with oxidizer and fuel feedlines.

In [20], the influence of such internal factors as
the temperature of the combustion products in the
gas generator and the combustion chamber of the
engines, the efficiency and pressure of the pumps,
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the area of the nozzle apparatus of the turbines, etc.,
are considered. It shows that the number of inter-
nal factors that significantly affect the thrust scatter
of an engine installation can number several dozen,
especially if the engine installation includes several
engines. In this work, when determining the scatter
of the POGO amplitudes of the LV, as internal fac-
tors related to the engines, we will consider only the
specific thrust impulses J of the engines, which inte-
grally contain the above-mentioned internal factors.

Let’s assume that each of the engines, which is
part of the clustered propulsion system, despite some
geometric and operation mode differences of these
engines, provides a given thrust P thanks to the LV
control system. This can be achieved by changing the
amount of propellant flow rates through the engines.
From the formula for determining the specific im-
pulse ] =P/ Gy (where Gy is the total propellant
flow rate through the engine), it is possible to deter-
mine the relationship between the scatter of the val-
ues of the specific impulse 8]/ and the scatter of the
total propellant flowrate 3Gy

8] =—(P/G3)3Gy
or
3Gy =—(Gs./ P)J] .

In addition, we believe that during the propulsion
system operation of the LV Ist stage, the flow rate ra-
tio k=G, /G, isensured (where G,,G, are the flow
rates of the oxidizer and fuel through the engine).
Then the scatter of the oxidant and fuel flow rate val-
ues will be determined by the relations

3G, =6Gz/(1+1/k)
and
SGF=SGZ/(1+k).

Scatters of values of the specific impulse of the
engine traction are determined by regulatory docu-
ments. Using them, we will get the propellant scat-
ters of 8G, and 6G,, which can easily be used in
the mathematical model of the “LV structure — pro-
pulsion system” dynamic system to determine the LV
POGO amplitudes.

Table 1 presents the most significant internal fac-
tors, the effect of which was taken into account for
determining the scatter of POGO amplitudes of the
analyzed LVs, and their marginal deviations.
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Figure 3. The first mode of longitudinal vibration shape of the
launch vehicle structure at the payload section vs. the flight
time of the launch vehicle first stage (experimental data and
curve used in calculations)
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Figure 4. The first mode decrement of the of longitudinal vi-
brations of the launch vehicle structure vs. the longitudinal
vibrations amplitude (experimental data and curve used in
calculations)

Determining the scatter of internal factors is a
separate task in general. In this work, the assessment
of their limit values was carried out as follows. The
scatter of natural frequencies of the longitudinal vi-
brations of the LV structure was estimated according
to experimental data (see Fig. 1, @) and was 0.5 Hz.
Fig. 3 presents the experimental values and the cal-
culation curve of the dependence of the oscillation
shape of the I mode of the longitudinal oscillations of
the LV structure in the cross-section corresponding
to the location of the LV payload, on the time of the
rocket flight. The maximum scatter of its values, as
well as the scatter of the values of other shapes of the
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Table 1. Internal factors taken into account for determining the scatter of POGO amplitudes of the LV

No Name of the factor Limit deviations Marking

1 | The natural frequency of the 1st mode of the longitudinal oscillations +0.5 X,
of the LV structure, Hz

2 | The natural shape of the 1st mode of the longitudinal oscillations +10 X,
of the LV structure, which corresponds to the oxidizer feedline, %

3 | The natural shape of 1st mode of the longitudinal oscillations +10 X3
of the LV structure, which corresponds to the oxidizer tank, %

4 | The natural shape of 1st mode of the longitudinal oscillations +10 X4
of the LV structure, which corresponds to the fuel tank, %

5 | The natural shape of 1st mode of the longitudinal oscillations +10 X
of the LV structure, which corresponds to the LV payload, %

6 | The decrement of the first mode of the natural longitudinal oscillations +40 Xg
of the LV structure, %
Pressure in the oxidizer tank, bar +0.25 X5

8 | Pressure in the fuel tank, bar +0.20 Xg

9 | The oxidizer flow rate through the engine Ne 1, % +4.0 Xg

10 | Fuel flow rate through the engine Ne 1, % +4.0 X0

11 | The oxidizer flow rate through the engine Ne 2, % +4.0 X

12 | Fuel flow rate through the engine Ne 2, % +4.0 X5

13 | The oxidizer flow rate through the engine Ne 3, % +4.0 X3

14 | Fuel flow rate through the engine Ne 3, % +4.0 X4

15 | The oxidizer flow rate through the engine Ne 4, % +4.0 X5

16 | Fuel flow rate through the engine Ne 4, % +4.0 X6

form of the I mode of the longitudinal vibrations of
the LV structure (see Table 1), was taken to be equal
to 10 % of the calculated nominal values. Experi-
mental data and calculation curve (see Fig. 4) regard-
ing the dependence of the decrement on the POGO
amplitude of oscillations were used to estimate the
scatter of the values of the decrement of the I mode of
the longitudinal oscillations of the LV structure. Ac-
cording to this estimate, the maximum scatter of the
values of the decrement of oscillations is 40 %. Scat-
ters of pressures in propellant tanks (as well as scat-
ters of the specific thrust impulse or propellant flow
rates) were determined by regulatory documents.
The calculations showed that for the considered
internal factors, the frequency and decrement of the
longitudinal oscillations of the LV structure, as well
as the shapes of natural longitudinal oscillations cor-
responding to the location of the oxidizer feed feed-
line, have the greatest influence (within the speci-
fied scatter) on the scatter of the POGO amplitudes.

10

The pressures in the tanks of the propellants and the
specific thrust impulses of the engines have the least
influence. The degree of influence of the specified
internal factors was assessed based on the results of
calculations of the POGO amplitudes at extreme
changes in the values of each individual parameter,
according to Table 1.

3. THE METHOD OF DETERMINING
THE SCATTER OF INTERNAL FACTORS

Let’s assume that the nonlinear mathematical model
of the “LV structure — propulsion system” dynamic
system, based on which the POGO amplitudes of the
liquid LV are evaluated, contains # internal factors
o,,....a., . The set of points A, with Cartesian
coordinates . ;,...,a,; forms an n-dimensional
space of parameters. In fact, the values of the
parameters o ,...,0, change within limited limits
and belong to the admissible set P, which is an

n -dimensional region of the parameter space:
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P={a,,..,a,: ocj‘?‘in <a, Soc}mx, j=1..,n}.(10)

n

A direct approach to determining the scatter of
POGO amplitudes of liquid launch vehicles consists
of implementing various combinations of values of
external and internal factors from the admissible set
(10). Values of imprecisely specified parameters (trial
points) can be chosen based on a random search,
while the search will be more effective the more uni-
formly their values are located in the parameter space
[25]. In both cases, the solution to the problem of
determining the scatter of POGO amplitudes of the
liquid launch vehicle, due to the scatter of internal
factors, requires a large number of calculations and
is quite time-consuming, even with a relatively small
number of varied parameters.

In this work, it is proposed to use a space prob-
ing method, which is called LP-search, to select test
points o ,...,o, € P. This method is implemented
for a one-dimensional cube. The points of LPt-se-
quences are used as test points in the n-dimensional
cube. LPt-sequences are the most evenly distribut-
ed among all currently known sequences. Their use
has an advantage compared to the simplest random
search and is much more efficient than uniform cu-
bic lattices for n>1 [25].

Different combinations of deviations of each of the
internal factors determine various combinations of the
values of the varied parameters when calculating the
POGO amplitudes. Combinations of deviations of
parameters reduced to a dimensionless form were de-
termined by LPt-sequences, which were constructed

in a unit cube K" according to [25]. The use of LPz-
sequences makes it possible to cover the deviations of
internal factors more evenly with a smaller number of
implementations. The calculation algorithm is pre-
sented in [25], and Table 2 shows a set of combinations
of internal factors when calculating amplitudes of lon-
gitudinal oscillations obtained using LPz-sequences.
Each row of the table determines the coordinates
(x,5%,5...,x,) of one point of the n-dimensional unit
cube and specifies one of the options for implement-
ing the deviations of the internal factors. Each column
of the table specifies one coordinate of a point in the
n-dimensional unit cube for all variants of realizations
of deviations of internal factors.

The data in Table 2 are used as follows. Let us
denote the internal factors of the system given in
Table 1, variables y,,y,,... ¥, - Then, if the scat-
ter of internal factors is specified in absolute values,
the current value of the parameter y,, chosen taking
into account the possible scatter of its values, is de-
termined by the formula

¥, =y, +2Ax,(x,—0.5),

where y, is the nominal value of the parameter, Ax,
is the boundary deviation of the parameter from
the nominal value, x,is the number from the x.-th
column of Table 2.

If the scatter of internal factors is specified as a
percentage of the nominal value, then the current
value of the parameter is determined by the formula

y, =7, [1+2Ax,(x, —0.5)] .

Table 2. A set of scatters for combinations of internal factors for determining the scatter of POGO amplitudes of the liquid LV

Variant Coordinates of points of LPt-sequence
number X X X3 X4 Xs X6 Xi6
1 0.5 0.5 0.5 0.5 0.5 0.5 0.5
2 0.25 0.75 0.25 0.75 0.25 0.75 0.25
3 0.75 0.25 0.75 0.25 0.75 0.25 0.75
4 0.125 0.625 0.875 0.875 0.625 0.125 0.375
5 0.625 0.125 0.375 0.375 0.125 0.625 0.875
6 0.375 0.375 0.625 0.125 0.875 0.875 0.125
0.563
255 0.996 0.004 0.770 0.582 0.574 0.746 0.063
256 0.002 0.502 0.908 0.857 0.346 0.627 0.688
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4. RESULTS OF DETERMINING
THE SCATTER OF POGO AMPLITUDES

Based on the results of mathematical modeling of
the developed “LV structure — propulsion system”
non-linear non-stationary dynamic system, the de-
pendence of the POGO amplitudes of the prototype
of the “Dnipro” space LV on the flight time (during
the operation of its engines of the LV 1st stage) with
various combinations of scatters of internal factors
was determined. According to the results of calcu-
lations, as well as according to the results of experi-
ments, two-time intervals of instability of the system
were obtained (see Fig. 5). Note that the LV instabil-
ity of the investigated system in the first interval was
obtained for all considered combinations of internal
factor scatters, and the calculated limits of the first
interval of LV instability are close to the experimen-

f, Hz
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15

10 £ et \
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ny

0.6
No 121

Experiment

0.4 H!

0.2

tal ones obtained from the results of the 20 rocket
launches. The second interval of dynamic system in-
stability is absent in some variants of the combina-
tion of scatters of internal factors. Compared with
the experimental data, the calculated boundaries
of the second interval are noticeably wider, and the
calculated POGO amplitudes of the LV reach their
maximum values somewhat earlier.

The lower and upper enveloping curves were con-
structed for the dependence of the POGO ampli-
tudes of the LV analyzed (see Fig. 5, b, curves 2). It
is shown that in the first time interval of POGO in-
stability, the maximum values of calculated POGO
amplitudes are in the range from 0.23 gt0 0.72 g (the
value 0.49 g is without taking into account the scatter
of internal factors, curve 7 in Fig. 5, b), and in the
second interval of POGO instability is in the range
from 0 g to 0.60 g (the value 0.24 g is without taking
into account the scatter of internal factors). These
enveloping curves for the dependences of the POGO
amplitudes in both flight time intervals of POGO in-
stability cover most of the results of 20 launches of
this liquid rocket (see Fig. 5, b, curves 2).

Variants of combinations of scatters of internal fac-
tors were analyzed, in which the largest and smallest
values of POGO amplitudes were obtained. In par-
ticular, it was established that in the first time interval
of instability, the amplitudes reached their maximum
values (option No. 64) when the frequency and decre-
ment of the first mode of the POGO vibrations of the
LV structure were close to the lower limit of the range
of their possible values, and the shape coefficient of
the structural vibrations in the section corresponding
to the location of the instrument compartment is to
the upper limit (see Table 3). The minimum values of
POGO amplitudes (option No. 119) were recorded

Table 3. Variants of combinations of the most important
internal factors, in which the maximum and minimum values
of the POGO amplitudes of the liquid LV are recorded

20 40

Figure 5. Oxidizer feedline oscillation frequencies f, the
launch vehicle structure f;, f;; (@) and longitudinal acceleration
amplitudes (b) vs. the flight time of the first stage launch
vehicle: 7 is without taking into account the internal factors
spread, 2 is lower and upper envelope curves

12

Variant Coordinates of points of LPt-sequence
number
X X, X, X4 X5 Xg
64 0.008 | 0.664 | 0.523 | 0.383 | 0.977 | 0.195
119 0.930 | 0.055 | 0.227 | 0.336 | 0.180 | 0.961
121 0.617 | 0.617 | 0.164 | 0.148 | 0.992 | 0.023
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when the frequency and decrement of I mode of the
POGO oscillations of the LV structure were close to
the upper limit of the range of their possible values,
and the coefficients of the form of oscillations of the
LV structure, which correspond to the location of the
LV instrument compartment and the oxidizer feedline
is to the lower limit (see Table 3). In the second time
interval of instability, the maximum value of the am-
plitude (option No. 121) was reached for small (close
to the lower limit) values of the decrement of the
I mode of the LV structure longitudinal vibrations, as
well as large (close to the upper limit) values of the os-
cillation shape, which corresponds to the location of
the LV instrument compartment (see Table 3). Table 3
presents the value of only the first six internal factors,
the influence of which is the greatest.

The influence of the scatter of the engine-specific
thrust impulse does not have a significant effect on
the scatter of the POGO amplitudes of the consid-
ered LV due to the relatively small value of this scat-
ter. For the same reason, no noticeable differences
were observed in the oscillations of engine param-
eters among themselves and the interaction of the
oscillation systems of different engines.

CONCLUSIONS

1. A non-linear, non-stationary mathematical model
of LV longitudinal oscillations for the prototype of
the Dnipro space launch vehicle was developed. It
took into account two lower modes of oscillations
of the LV structure, two lower oscillation modes of
the oxidizer feedline, and the first oscillation mode
of the fuel feedline. Modeling of dynamic processes
of the propulsion system with the four rich-oxidizer
staged propulsion LRE was carried out, taking into
account pump cavitation phenomena, gasification
time delays of the propellants, and the gas residence
time delays in gas generators.
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BHU3HAYEHHA PO3KMAY AMITIITY/ ITO3JOBXKHIX KOJIMBAHb
PIAMHHUX PAKET-HOCIIB 3A PAXYHOK BITJIMBY PO3KUAY BHYTPILIHIX ®AKTOPIB

3 npobGsieMolo 3a0e3MeUeHHs CTIKOCTI 111010 MO3/I0BXKHiX KOJMBaHb piiMHHUX pakeT-HociiB (PH) cTukanucs npakTuuHo BCi
po3poonuku PH. Ha piBenb amrutityn mo3noBxHix konmuBaHb (AITK) PH MoXyTb cyTTEBO BIUIMBATH PO3KWIM BHYTPIlIHIX
¢akropiB. MeTolo cTaTTi € po3poOdKa MaTeMaTUYHO1 MOJIEJTi Ta BU3BHAYEHHST PO3KMLY aMIUTITY/I TTO3I0BXHIX KOJMBAaHb PilH-
HUX pakeT-HociiB Ha nipukiafai PH «/IHinpo», BUKJIMKAaHOTO PO3KUIOM CYKYITHOCTI BHYTPIllIHiX (pakTOpiB. ¥ poOOTi po3po-
0JIeHO HeNiHiliHY HecTallioHapHYy MaTeMaTUYHY MOJEJb MO3I0BXHIX KOJIMBaHb MPOTOTUITY KocMiuHoi PH «/IHinmpo». ¥V wiit
MOJIeJIi BpaxOBYBaJIMCS ABA HUKYi TOHU KOJIMBaHb KOHCTpYKUIil PH i 1Ba HMXX4Yi TOHM KOJIMBaHb OKUCIIIOBAYa i MepIInii TOH
KOJINBaHb MaJIbHOTO. MoeTIOBaHHSI TMHAMIYHUX TTPOIIECIB Y 3B’ 3111 i3 YOTUPHOX PiIIMHHMUX PaKETHUX IBUTYHIB, BAKOHAHMX
3a CXEMOIO 3 IONAJTIOBAHHAM T€HEPATOPHOTO a3y, MPOBEACHO 3 ypaXyBaHHSIM KaBiTallilHUX SBUIL Yy HACOCAX IBUTYHIB Ta Yya-
CiB 3aIi3HIOBaHb Y BOTHEBUX MOPOXKHUHAX ra3oreHepaTopiB. Po3pobieHo metoa BusHayeHHs po3kuny AIIK pinunaux PH,
3YMOBJICHOTO €10 BHYTPIillIHiX (DaKTOPiB, sIKMIi 6a3yEThCs HA BUKOPUCTaHHI piBHOMipHO po3nofaiieHnx LPt-mocmigoBHOCTE .
B sxocTi BHYTpilIHIX (hakTOpiB Oy/1M PO3IJISIHYTI YACTOTU, IEKPEMEHTHU Ta KoedillieHTH (POpM BIIaCHUX MTO3I0BXHIX KOJIMBaHb
kopryca PH, Tucku HapiyBy naIMBHUX OaKiB Ta MUTOMI iMITYJIbCU TSTU ABUTYHIB. 3a pe3yJibTaTaMu pO3paxyHKiB BUSHAUEHO
3anexHictb AIIK posrisinyroi PH y n1Box o06acTsix HeCTiHKOCTI Ta 1o0y10BaHO HUXKHIO i BepXHIO 00BinHY KpuBi 1 ATTK.
[ToxazaHo, 1110 MaKCHMaJIbHI aMILTITYIM TTO3M0BXHIX KOJIMBaHb y TIEPIIiif 001aCTi HECTIKOCTI JiexaTh B Aiama3oHi Bin 0.23 mo
0.72g i B npyriit o6acti HectiitkocTi — Bin 0 1o 0.60g. [TpoaHaizoBaHO BapiaHTH MOETHAHB PO3KU/IIB BHYTPILIIHIX (DAKTOPIB,
3a IKUX OyJI0 OTpMMaHo HaiiOubIi Ta HaliMeHIni 3HaueHHs1 AITK. e 103Boina0 BUSHAYMTH BHYTPIllIHI (haKTOpU, PO3KUL
SIKUX HaliOinbiie BriMBae Ha po3kua AITK: yactora, aekpeMeHT, KoedillieHTH (popMu KOJUBaHb KMBUIBHOTO TPYOOITPOBOAY
OKHCJIIOBaya i y nepepisi KOpMCHOro HaBaHTaxKeHHsI Ha | TOHI MO3M0BXKHIX KoauBaHb Kopriyca PH.

Karouoei caoea: pininHa pakeTa-HOCIH, MO300BXHI KOJMBAHHS, pilMHHA pakeTHa IBUTYHHA yCTAaHOBKA, MaTeMaTUYHE MOJIe-
JIFOBaHHSI, BHYTPIILIHI (haKTOPU, PO3KUI aMILTITY MO3M0BXKHIX KOJMBaHb.
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