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MATHEMATICAL MODELING OF START-UP TRANSIENTS
AT CLUSTERED PROPULSION SYSTEM WITH POGO-SUPPRESSORS
FOR CYCLON-4M LAUNCH VEHICLE

Liquid-propellant rocket propulsion systems of the first stages of launch vehicles of medium, heavy, and super-heavy class usually
include POGO-suppressors, which are one of the most widely used methods to eliminate launch vehicle longitudinal structural vibrations
(POGO phenomena). However, until now, the theoretical studies and analysis of the effect of the POGO-suppressors’ installation in the
feedlines of main liquid rocket engines on transient processes in systems during rocket engine starting have not been carried out due to
the complexity of such analysis and the lack, first of all, reliable nonlinear models of cavitation phenomena in rocket engine pumps.
A mathematical model for the start-up of a clustered rocket propulsion of the Cyclone-4M launch vehicle has been developed that
takes into account the low-frequency dynamics of the POGO-suppressors and the asynchronous start-up timeline sequences of the
rocket engines. The first stage of the launch vehicle propulsion system includes four RD-870 rocket engines. A nonlinear mathematical
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model of low-frequency dynamic processes of the POGO-suppressor with bellows separation of liquid and gaseous media is presented.
A significant effect of cavitation in the pumps of engines and the POGO-suppressor installation to the LOX feedline on the propulsion
system dynamic gains is shown.

Based on the developed mathematical model of the clustered rocket propulsion start-up, the studies of the Cyclone-4M main
engines’ start-up transients were carried out. The asynchronous start-up timeline sequences of the rocket engine and the places of
installation of the POGO-suppressors in the LOX feedline branches to the RD-870 rocket engine — near the general feedline collector
as standard placement or directly at the entrance to the engines — were investigated. The analysis of start-up transients in the oxidizer
Jeed system of the considered propulsion (the time dependences of the flowrate and pressure at the engine inlet) showed the following.

Firstly, while the synchronous start-up of the engines, the installation of the POGO-suppressors near the feedline collector makes
it possible to eliminate all engine inlet overpressures that exist in the rocket propulsion system in case of the absence of the POGO-
SUpPressors.

Secondly, the RD-870 engine asynchronous start-up operation affects negatively the time dependences of the propellant flowrate
and pressure at the engine inlet if the POGO-suppressors are located near the feedline collector. So, in the propulsion system’s start-up
timeline interval 0.95...1.35 s, for some computational variants of the initial moments of the engine operation start, an abnormally
large drop in the LOX flow rate and the overpressures at the engine inlet is observed. The asynchronous start-up of the RD-870 engines
with the installation of the POGO-suppressors at the engine inlet does not significantly change the start-up transients compared to the
synchronous starting of the engines.

Thirdly, thus, it is shown that the installation of the POGO-suppressors both at the engine inlet and at the RD-870 branches near
the collector has a significant positive effect on the quality of start-up transient processes for the main engines of the Ist stage of the
Cyclone-4M launch vehicle. Placing the POGO-suppressors at the engine inlets is not standard and is considered without reference to
the propulsion system layout. Nevertheless, the POGO-suppressors installed at the inlet to the engines are an effective means of pre-
venting overshoots and dips in the parameters of the liquid-propellant rocket engine, including the conditions of asynchronous starting
of the liquid rocket engines in the clustered propulsion system.

The results obtained can be used in mathematical modeling of the start-up of the first stage propulsion system either for multistage
sustainer rockets used in parallel with booster rockets or for the clustered multi-engine rocket propulsion system containing POGO-
SUppressors.

Keywords: liquid-propellant rocket engine, low-frequency dynamic processes, start-up, pump cavitation, clustered feed system,

asynchronous engine start-up, POGO-suppressor.

INTRODUCTION

Start-up is probably the most difficult dynamic oper-
ation mode of the liquid rocket engine (LRE) [3, 18].
During a short start-up time of LRE, the hydraulic
paths are filled by propellants, ignited in a gas gen-
erator and a combustion chamber, the turbopump as-
sembly rotor speed and propellant flow rates change
from initial zero to nominal values, etc.

The theoretical study of transient processes during
LRE start-up is important for predicting and elimi-
nating problem situations during startup, as well as
for optimizing the engine start-up (event timeline
sequence).

At present, mathematical models of dynamic pro-
cesses for many units and systems of liquid rocket en-
gine have been developed, for example, in papers |3,
10]. It makes it possible to obtain preliminary theo-
retical forecasts of transient processes of a number of
parameters for liquid rocket engine start-ups.

A semi-empirical model of filling the LRE hy-
draulic lines by cryogenic propellants is presented in

[18]. The model takes into account the partial evapo-
ration of liquid oxygen and its two-phase flow in the
path in the initial part of the engine start-up period.

The kinetics of ignition and propellant burnup in
the LRE gas generator and the combustion chamber
at the initial start-up period of the liquid rocket en-
gine were investigated in [10, 18].

Theoretical approaches to mathematical model-
ing of cavitation phenomena in liquid rocket engine
pumps in a wide range of operating parameters (in-
cluding engine start-up) have been developed in a
number of works [4, 15—17] focused on pumping sys-
tems nonlinear dynamics. A methodical approach for
mathematical modeling of low-frequency dynamics of
a liquid rocket engine is presented in the paper [5].

An account of the non-simultaneity of the entry
into operation of a separate liquid rocket engine in
a multi-engine propulsion system and an influence
of this factor on the transient processes of hydrody-
namic parameters at start-up of a multi-engine pro-
pulsion system is shown [14].
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The first stage propulsion system of modern
launch vehicles of medium, heavy, and super-heavy
class usually includes POGO-suppressors. POGO-
suppressor installation is one of the common ways
to eliminate longitudinal (POGO) vibrations of liq-
uid launch vehicles. The mechanism of longitudinal
vibrations is due to the convergence of natural fre-
quencies of launch vehicles structure with natural
frequencies of propulsion system feedlines [9, 11, 13,
22]. Medium and especially heavy and super-heavy
launch vehicles are prone to loss of longitudinal sta-
bility as a result of launch vehicle big mass, conse-
quently, the structural low oscillation frequencies.

The possibility of such launch vehicles’ longitu-
dinal instability is very high. It can be explained by
the fact of changes in the natural oscillation frequen-
cies of launch vehicles’ structure and changes in the
natural frequencies of propellant oscillations in the
propulsion system during rocket stage operation are
in the same range. The installation of the POGO-
suppressor in the feed system of the propulsion sys-
tem leads to a decrease in the first natural frequency
of liquid oscillations in the propulsion system. This
allows the oscillation frequencies of the launch ve-
hicle structure and the liquid in the feed system of
the propulsion system to be separated to safe values
leading to launch vehicle POGO stability.

However, to date, the theoretical studies and ana-
lysis of the POGO-suppressor installation in the feed
lines of main liquid rocket engines’ effect on tran-
sient processes in systems during liquid rocket en-
gines’ start-up have not been carried out.

Difficulties in conducting such an analysis and
the absence, first of all, reliable nonlinear models of
cavitation phenomena in pumps, in the overwhelm-
ing majority of cases, lead to the next fact. Only ex-
perimental parameters of the performance of some
individual engines were obtained during fire bench
testing of specific liquid rocket engines.

The launch vehicles of the Mayak and the Cy-
clone-4M families designed in Ukraine take into ac-
count the POGO suppressors [2] installed in the feed
of the propulsion system. This makes it actual to an-
alyze the impact of POGO-suppressors in the LRE
feed lines on transients in the propulsion system.

The main objective of this work is the mathemati-
cal modeling and research of transient processes of

launching the clustered propulsion system of the
first stage of the Cyclone-4M launch vehicle, taking
into account the installation of POGO-suppressors
on the propulsion system and liquid rocket engines’
asynchronous start-ups.

1. The studied propulsion system of the 1st stage of
Cyclone-4m launch vehicle. The Cyclone-4M launch
vehicle is a two-stage monoblock medium-class
launch vehicle [20]. The structure of the first stage
is based on the use of well-developed systems and
units of the Zenith launch vehicles. The first stage is
equipped with a propulsion system using liquid oxy-
gen and kerosene fuel components and includes four
RD-870 engine blocks.

Liquid rocket engine RD-870 is made with a tur-
bo-pump system for propellant feeding according to
the staged combustion scheme. The engine thrust on
Earth is 794.5 kN (vacuum thrust is 888.5 kN), the
engine specific thrust impulse on the Earth is 301 s
(in the vacuum the specific thrust impulse is 340 s),
the mass of the RD-870 engine is 1353 kg [20]. A
simplified flow schematic of the RD-870 liquid rock-
et engine is shown in Fig. 1.

The feeding of the rocket RD-870 engines with a
LOX from the tank is carried out through a general
main pipe (with a length of about 7 m), which is con-
nected to the collector. Fig. 2 contains the propulsion
system layout with only 2 branches to the RD-870
engines shown for simplicity.

Branch pipelines from the collector to each engine
contain installed POGO-suppressors. The length of the
pipeline from the collector to the engine inlet is 3 m,
and from the engine inlet to the oxidizer low-pressure
pump inlet is about 2 m. Hereinafter, for presenting the
materials of the paper, the engine inlet means the loca-
tion directly at the low-pressure pump inlet.

The branch pipelines from the collector to the en-
gine inlet have a rather long length. That is why they
can have a significant effect on the low-frequency
dynamics of the propulsion system, especially for re-
search cases of the different engines’ starting opera-
tion (engines’ asynchronous start-ups) [14].

To provide the Cyclone-4M launch vehicle POGO
stability, the POGO-suppressors are installed accord-
ingly with the design of the I stage propulsion system.

The POGO-suppressors are designed according to
the scheme with bellows separation of gas and liquid
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Fig. 1. Simplified flow schematic of the LRE under research

media. The standard location of the POGO-suppres-
sors is in the branches of the LOX feed system to the
main RD-870 liquid rocket engines (near the col-
lector, as shown in Fig. 2). The same scheme shows
POGO-suppressors (indicated by a dotted line) in
case they are installed directly at the engine inlet.
The parameters of the standard version of POGO-
suppressors were selected from the condition of pro-
viding the POGO stability of the Cyclone-4M launch
vehicle during its flight for the first stage propulsion
operation period [13].

2. Developed mathematical model of start-up of
clustered (multi-engine) propulsion system of the Cy-
clone-4M launch vehicle. The mathematical model
of start-up of the first stage propulsion system of the
Cyclone-4M launch vehicle is extremely cumber-
some. The full model includes more than 350 non-
linear ordinary differential and algebraic equations
and cannot be presented in this volume of the paper.

The main approaches to mathematical modeling
of the low-frequency dynamics of systems of this lig-
uid rocket engine are presented in [14]. This model
describes the dynamic processes in the propulsion
system, including the opening of the oxidizer and

6

fuel valves, filling the hydraulic paths by propellant,
spinning up the rotors of the main and low-pressure
turbopump assembly, the ignition of the propellant in
the gas generator, etc.

Let us briefly dwell on the mathematical models
of some low-frequency dynamic processes in units
and subsystems of propulsion system. They are either
characteristic of engines with generator gas after-
burning or are important in the mathematical mode-
ling of start-up of clustered propulsion system.

For rocket engines with staged combustion, it is
important to take into account the time delays caused
by non-isothermality of processes in the elements of
the liquid rocket engine gas path (the residence time
of the combustion products in the gas paths) and the
time delays caused by the delay in the conversion of
liquid propellants into gaseous ones [7].

In the mathematical model of liquid rocket engine
start-up, an approximate replacement of the equa-
tions y(t) =x(t—t) of the time delay element with
ordinary differential equations is used. This replace-
ment is based on the approximation of the transfer
function of the delay element W, (pt) =exp(-pt) by
fractional rational functions of pt (where p is a
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complex variable of the Laplace transform at zero
initial conditions; t is time delay). To approximate
the transfer functions of the delay elements in the
equations of the gas generator and the gas pipe dy-
namics, two fractional rational functions were used:
the function

R, 102 (PT) = [Ty, (pt/2)} =

=1/(1+ pt/2+0.125p*1*)* = W,(p1)
is obtained by replacing the delay element with a
chain of two oscillating elements with half the delays
[21], and the function
W(pv) = B, (p1) =
(1—pt/3)/(1+2pt/3+ p*t*/6)
by using the Padé method [7].

In the RD-870 engines with oxidizer-rich staged
combustion, gaseous oxygen is discharged after the
low-pressure oxidizer pump turbine into the liquid
oxygen flow at the inlet to the main oxidizer pump.

The condensation process of gaseous oxygen can
lead to low-frequency instability [21] of the propulsion
feed system of the LRE. In the mathematical model
of propulsion system start-up, for taking into account
the injection of gaseous oxygen into the liquid oxygen
flow, generalized results of experimental investigations
of the condensation process of superheated oxygen va-
por in the liquid oxygen flow were used [6, 12].

Cavitation phenomena in LRE pumps play one of
the leading roles in the propulsion system dynamics’
studies [4, 15—17]. They can qualitatively change
the dynamic characteristics of the LRE. For engine
start-up, they lead to a cavitation disruption of the
engine pumps.

The experimental-computational hydrodynamic
model of cavitation oscillations for taking into ac-
count the cavitation phenomena in the pumps was
used [16]. This model generalized the results of ex-
perimental investigations of 18 inducer-centrifugal
pumps in the cavitation self-oscillation mode. This
model is adapted for a wide range of input pressures
[4] (from pump stall pressure to pressures corre-
sponding to the beginning of the emergence of pump
cavitation mode).

The LOX feed of the propulsion system of the first
stage of the Cyclone-4M launch vehicle includes
long branched pipelines.
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Fig. 2. The simplified layout of the oxidizer feed system

The methodological approach [5] for the mathe-
matical modeling of the low-frequency dynamics of
such feed systems was used. This approach provides
for the sequential solution of the following prob-
lems. The first problem is the development of a line-
ar mathematical model of hydraulic path dynamics
considered as a system with distributed parameters
and determination of its frequency characteristics.
The second problem is an approximate replacement
of this system with a system with lumped parameters,
i.e., by developing of finite hydrodynamic elements’
model. This system is carried out based on matching
the frequency characteristics of these two systems.
The third problem is the construction of a nonline-
ar mathematical model of low-frequency dynamics
of the propulsion hydraulic lines. This final model is
used to compute the start-up of a propulsion system.

A specific feature of the developed model is taking
into account the asynchronous start-up operation of
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Fig. 3. The calculation schematic of the POGO suppressors
with bellows separation of liquid and gaseous media

engines RD870 of the propulsion system (first stage)
of the Cyclone-4M launch vehicle following the ap-
proach described in [14] and developed on the basis
of the Sobol sequence [19]. The asynchronous join
into operation of engines at propulsion system start-
up was modeled by varying the value of the displace-
ments of the initial command in the engine start-up
sequence of the second, third, and fourth engines
relative to the first engine start-up sequence in clus-
ter. For computing start-ups, it was assumed that
these offset values are evenly distributed between the
maximum and minimum (zero) offset to perform the
minimum number of calculations.

3. Mathematical model of POGO-suppressor low-
frequency dynamics for study the start-up transients
of the Cyclone-4M launch vehicle propulsion system.
The POGO suppressors are located in the branches
on the RD870 liquid rocket engine near the collector
in the first stage propulsion system of the Cyclone-
4M launch vehicle. The calculation schematic of the
POGO-suppressors dynamics with bellows separa-
tion of liquid and gaseous media is shown in Fig. 3,
where the following designations are introduced: / is
a gas cavity; 2, 3, 4 are upper, middle, and lower posi-
tions of the bellows cover; 5 is bellows; 6 is a damper
support ring.

The mathematical model of dynamic processes
in the POGO suppressor describes the one-dimen-
sional motion of the fluid and movable structural el-
ements of the suppressor along its longitudinal axis
and includes the equation of motion of the bellows
cover, the equation of fluid motion in the suppressor,
and the equation of continuity in the gas cavity of the

8

Suppressor:
2

d
md_tg}—i_Ffr(y)_'_k(y_ynom):Fef(pc_pg)’ (1)

dG d?
Pt =P tap |GD|GD +]Dd—tD+h’Yo COSOCd_tg/ s
(2)
dp
o =Cp ®)

where m is the equivalent mass of the suppressor
bellows cover; y, y,,,, are the current coordinate of
the bellows cover and the coordinate with no bellows
deformation; 7is the current time; Fﬁ (y)is nonlinear
dependence of the friction force on the coordinate
y; k is the total longitudinal stiffness of the bellows
and gas; F, is the effective area of the suppressor
bellows; p; is fluid pressure on the bellows cover; p,
is pressure in the gas cavity of the suppressor; p_,
is fluid pressure at the junction of the suppressor
and the oxidizer feedline; a,, J, — coefficients
of hydraulic and inertial resistance of the fluid in

the suppressor; G, = YOFef% is fluid flow through

the suppressor; 4 is the height of the liquid column
in the suppressor; vy, is specific gravity of liquid
oxygen; a is the angle between the longitudinal axis
of the suppressor and the longitudinal axis of the
'Yng
Kp,
the suppressor gas cavity; V, =V;" —y-F, is the
current value of the volume of the gas cavity; ngax is
the maximum value of the volume of the gas cavity;
K is the gas adiabatic exponent.

Zero coordinate of the bellows cover y = 0 corre-
sponds to the lower position of the bellows cover. The
action of forces from the gas and liquid is balanced
for y=y,,,,.- The bellows is in an unloaded state in
this case.

The axial stiffness of the bellows kg is an impor-
tant variable that affects the overall compliance of the
suppressor. It was calculated by two methods: on the
basis of a one-dimensional model of the suppressor
[1] and based on its finite element model using the
ANSYS Mechanical software [8]. These methods
gave similar results.

launch vehicle; Cp = is the compliance of
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Fig. 4 shows the dynamic gain (¢ — module, b —
argument) of the oxidizer feed line of the I stage Cy-
clone-4M propulsion system at nominal LOX pres-
sures and temperatures at the engine inlet (curves /
is without cavitation; curves 2 is taking into account
cavitation in pumps; curves 3 is obtained with cavita-
tion and POGO suppressor near the collector).

From the analysis of Fig. 4 follows that taking into
account cavitation in pumps leads to a decrease in the
natural frequencies of liquid propellant oscillations in
the oxidizer feed system of the propulsion system: for
the I mode of oscillations — from 16.0 Hz to 6.0 Hz,
and for Il mode — from 48.0 Hz to 38.8 Hz.

For simultaneous consideration of both pump
cavitation and the POGO-suppressor installation
near the collector, the natural frequencies of liquid
propellant (LOX) oscillations in the feed system of
the propulsion system in the range up to 50 Hz are
3.2 Hz, 34.6 Hz, and 39.6 Hz.

Thus, the installation of a POGO-suppressor in
the propulsion system leads to a significant decrease
in the first natural oscillation frequency in the feed
system of the propulsion system. It allows the sepa-
rating of frequencies of the natural longitudinal
oscillations of the launch vehicle structure and the
liquid in the LOX feed system of the propulsion sys-
tem and ensures the launch vehicle POGO stability
[11, 13].

4. Results of mathematical modeling of start-up of
clustered propulsion system of the Cyclone-4M launch
vehicle. The study of transients during the start-up of
the clustered propulsion system of the Cyclone-4M
launch vehicle was carried out on the basis of the de-
veloped start-up nonlinear mathematical model.

The results of these studies show that the installa-
tion of the POGO-suppressor has generally a positive
effect on the quality of the transient process in the
feed system of the propulsion system. That is why the
overshoots and dips of propulsion system parameters
during its start-up are largely leveled by the flexibility
of the gas cavities in suppressors. The main results of
the transient processes’ study for the case of the syn-
chronous start-up of all rocket engines are shown in
Fig. 5...8. The following designations are used here:
I is without POGO suppressor; 2 is with POGO-
suppressor near the collector (standard location); 3
is with POGO suppressor at engines inlet.

mod % (jo)
dPro

20

15

10

0

2_

—8 1 1 1 1 1

10 20 30 40 f, Hz
b

Fig. 4. Pressure dynamic gains (¢ is a module, b is an argu-
ment) of the LOX feedline of the LRE of the Cyclone-4M LV
(1st stage) at nominal LOX pressures and temperatures at the
engine inlet (curves / is without cavitation; curves 2 is taking
into account cavitation in the pumps; curves 3 is with cavita-
tion and the POGO-suppressors near the collector)

G0, kg/s
1000 |

800

600

400

200

1 2 t,s

Fig. 5. The start-up transients of LOX flowrate at general feed-
line
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Fig. 6. The start-up transients of LOX pressure at the collector
G0, kg/s

250 F
200

150

100

50

1 2 1,s

Fig. 7. The start-up transients of LOX flowrate at the engine
inlet

Fig. 5 and Fig. 6 shows that the installation of the
POGO-suppressor near the collector makes it pos-
sible to reduce the flow rate dip in the main pipeline
Gyo in the time interval 1.23...1.27 s by more than
2 times (from 313 kg/s to 150 kg/s) and significantly
reduce fluid pressure overshoots in the collector from
14.0bar (r=0.965s), 15.4bar (= 1.24s), and 10.5 bar
(t=1.46 s) to a level of no more than 7.1 bar. The
POGO-suppressor installation at the liquid rocket
engine inlet allows the eliminating of the flow rate

drop in the main pipeline G, and the reduction of
the fluid pressure overflow in the collector p;,, toa

level of no more than 5.6 bar.
By contrast, for transient processes of flow rate
G,, and pressure p,, at the inlet to the liquid rocket

10

Dyio» bar
25 r

20

15

1 2 t,s

Fig. 8. The start-up transients of LOX pressure at the engine
inlet

y,cm
1F

—4 1 1 1
0 1 2 t,s

Fig. 9. The transients of suppressor coordinate of the position
of the bellows cover y during the start-up

engine, the next fact is investigated. Fig. 7 and Fig. 8
show the installation of the POGO-suppressor near
the collector practically does not change the value of
the flowrate drop of about 82 kg/s in the time inter-
val 1.23...1.27 s and also does not eliminate the pres-
sure surge of 17.2 bar (at the moment of start-up time
t=0.96s). Installing a POGO suppressor at the inlet
to engines allows us to avoid a drop in flow G, and
significantly reduce all overshoots p,, to a level not
exceeding 6.0 bar.

Fig. 9...11 show the transients (time dependences)
of main parameters of a POGO-suppressor for the
start-up of the Cyclone-4M launch vehicle propul-
sion system (coordinate of the position of the bel-
lows cover y, the pressure p; in the gas cavity of
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Fig. 10. The transients of suppressor gas pressure p . during the
start-up
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Fig. 12. The transients of fluid flowrates at the LRE inlets for
the case of asynchronous propulsion system start-ups

Gy, kg/s D 10, bar
100 25 1
20
50
1 2 15
0 10
5
—50 L L L 0
0 1 2 t,s

Fig. 11. The transients of the suppressor G, flowrate start-up

the suppressor, and the flow rate of the liquid through
the suppressor Gy, ) for the case of the synchronous
start-up of LRE and the installation of a POGO-sup-
pressor near the collector (curves /) and at the engine
inlet (curves 2).

An analysis of these figures shows that although the
bellows cover does not sit against the stop, its stroke
can reach several centimeters. The maximum liquid
flowrate G, into the POGO-suppressor (75 kg/s)
can briefly reach a third of the nominal oxidizer flow-
rate through the engine.

Based on the results of mathematical modeling of
the start-up of the propulsion system of the Cyclone-
4M launch vehicle, the analysis of the effect of the

Fig. 13. The transients of fluid pressure at the LRE inlets for
the case of asynchronous propulsion system start-ups

four RD-870 engines asynchronous operation was
carried out.

For the case ofa POGO-suppressor placing near the
collector, it is shown (see Fig. 12 and 13) that possible
displacements of the start moments of engines (curves
1, 2, 3, 4 correspond to the numbers of engines) lead
to a deterioration in the quality of transient processes
in flow rate G, and pressure p,., at the inlet to the
engines (compared to the option when all engines are
started synchronously — curves 0).

So, in the time interval 0.95...1.35 s, for some vari-
ants of the displacement of start moments of engines’
start-up, an abnormally large drop in the oxidant
flow rate at the inlet to the engines G, and pres-
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Fig. 14. Transients of LOX flowrate at the inlet to the liquid-
propellant engine with asynchronous starting of the engines
(the suppressors at the inlets to the LRE)
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Fig. 15. Transients of LOX pressure at the inlet to the liquid-
propellant engine with asynchronous starting of the engines
(the suppressors at the inlets to the LRE)

sure overshoots p,, are observed. For example, for
the values of the displacement times of engine start-
up: the second by 0.0375 s, the third by 0.0625 s, and
the fourth by 0.0750 s relative to the first, the oxidizer
flow rate at the inlet to the engines G,, of the fourth
engine is 1.7 kg/s (for the case of the synchronous
engines’ start-up — 70.8 kg/s).

The maximum value of the pressure at the engines’
inlet p,, of the fourth engine reaches 20.0 bar (while
in the case of the synchronous engines’ start-up,
this value is 18.1 bar). Note that in the absence of a
POGO-suppressor, the maximum pressure at the en-
gines’ inlet can reach 33.6 bar.

12

As a result of mathematical modeling of the start-
up of the propulsion system of the Cyclone-4M
launch vehicle (with a shift in the start time of engine
start-ups’ sequence), it is shown that the installation
of POGO-suppressor at the engine inlet leads to a
more significant improvement in the quality of tran-
sient processes in terms of flow rate G,, and pres-
sure p,, at engine inlet (see Fig. 14 and 15, where
y-axis scales and designations are similar as in Fig.
12 and Fig. 13). The calculated dependences of the
flow rate at the engine inlet G,, on time for the pro-
pulsion system start-up do not have significant gaps.
The maximum pressure at the engine inlet p,, for
the entire start-up time does not exceed 6.7 bar. It is
3 times less than in the case of installation POGO-
suppressor near the collector (20.0 bar).

It seems that a significant difference in transient
processes for placing POGO suppressor near the col-
lector and at the engine inlet is due to the following
factors. Disturbances in the oxidizer feed system dur-
ing the start-up of the propulsion system of the Cy-
clone-4M launch vehicle (caused first by the open-
ing of the oxidizer valves, then by the ignition of the
propellants in the gas generator and the subsequent
increase in pressure in the gas generator) spread from
the engine inlet upstream.

The placement of the POGO-suppressor at the en-
gine inlet contributes to the effective localization of
these disturbances. The location of the POGO-sup-
pressor near the collector leads to their considerable
distance (5 meters) from the sources of disturbances
in the pipelines from the collector to the engines.
This POGO-suppressor, located at the other end of
the pipeline, cannot effectively eliminate disturbanc-
es as the POGO-suppressor at the engine inlets.

Thus, it is shown that installation of POGO-sup-
pressor both at the engine inlet and in the branches
on the RD870 rocket engine near the collector has a
significant positive effect on the quality of transient
processes for the start-up of the propulsion system of
the Cyclone-4M launch vehicle. Placing the POGO-
suppressors at the engine inlets is not standard. Here,
the POGO-suppressor placing is considered without
reference to the layout of the rocket propulsion sys-
tem in order to increase the efficiency of damping
transients during the rocket engines’ start-ups. At
least two problems are successfully solved with the
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help of the POGO-suppressor at the engine inlets.
The first problem is ensuring the liquid launch ve-
hicle POGO stability. The second problem is improv-
ing the quality of transient processes for the start-up
of the propulsion system, including under conditions
of asynchronous liquid rocket engine start-up as a
part of the clustered propulsion system.

CONCLUSIONS

A mathematical model has been developed for the
start-up of a clustered propulsion system of the
Cyclone-4M launch vehicle, including four main
RD-870 rocket engines. This model takes into
account POGO-suppressors and the asynchronous
start-up of the liquid rocket engine. A nonlinear
mathematical model of low-frequency dynamic
processes in POGO suppressor with bellows
separation of liquid and gas media is presented. A
significant effect of cavitation in the engine pumps
and POGO-suppressors on frequency characteristics
of the oxidizer feed system of the propulsion system
is shown.

On the basis of the developed mathematical mod-
el of the start-up of the propulsion system, start-up
transients were studied for the clustered propulsion
system of the Cyclone-4M launch vehicle. These
studies take into account the asynchronous entry into
operation of the liquid rocket engine and the installa-
tion of POGO-suppressors as in the branches on the
RD-870 rocket engine near the collector (standard
placement) and at the engine inlets (as alternative
option).

The analysis of transient processes in the oxidizer
feed system of the propulsion system under consider-
ation, the dependences of the flow rate and pressure
at the engine inlet on time showed the following.

1. For the case of the synchronous engine start-up,
the installation of POGO-suppressors near the col-
lector allows eliminating all pressure overshoots at

the engine inlet (except for one of 17.2 bar). These
pressure overshoots exist in the propulsion system in
the absence of POGO-suppressors. For installation
suppressors at the engine inlet, the pressure over-
shoots at the engine inlet are limited to 6.0 bar, i.e.,
that is, the pressure overshoots are practically absent.

2. The asynchronous entry into operation of the
RD870 rocket engines negatively affects the time de-
pendences of the flowrate and pressure at the engine
inlets for suppressors locating near the collector. So,
in the start-up time interval 0.95...1.35 s, for some
variants of the displacement of the start moments of
the engines’ start-up sequences, the abnormally large
drops in the LOX flowrates and pressure overshoots
at the engines’ inlet are observed. The asynchronous
start-up of the RD-870 engines for POGO-suppres-
sors installation at the engine inlets does not signifi-
cantly change the propulsion system start-up tran-
sients.

3. Thus, it has been shown that the installation of
POGO-suppressors both at the engines’ inlet and in
the branches on the RD-870 rocket engine (near the
collector) has a significant positive effect on start-up
transients for the propulsion system of the Cyclone-
4M launch vehicle. Placing the POGO-suppressors
at the engine inlets is not standard and is considered
without reference to the propulsion system layout.
Nevertheless, the suppressors installed at the engine
inlets are effective issues of eliminating overshoots
and dips in the parameters of the propulsion system,
as well as under conditions of the asynchronous start-
up of a liquid rocket engine as a part of the multi-
engine propulsion system.

The results obtained can be used in mathematical
modeling of the start-up of the first stage propulsion
system either for multistage sustainer rockets used
in parallel with booster rockets or for the clustered
multi-engine rocket propulsion system containing
POGO-suppressors.
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I THeTuTyT TexHiuHOT MexaHiky HauioHanbHOT akaneMii Hayk Ykpainu i JlepXXaBHOTo KOCMIYHOTO areHTCTBa YKpaiHu
By Jlemko-Tlomens 15, Aninpo, Ykpaina, 49005

2 lepsxaBHe minnpuemcTso «KoHcTpykropebke 61opo «ITiBneHHe» iM. M. K. SHressi»

ByJ1. KpuBopisbka 3, [IHinpo, Ykpaina, 49008

MATEMATUYHE MOJIEJTIOBAHHS 3ATNTYCKY BATATOABUTYHHOI PIAMHHOI PAKETHOI YCTAHOBKMU
I CTYINEHA PAKETU-HOCIA «HUKJIOH-4M» 3 JEMII®EPAMU MMO3JOBXHIX KOJIMBAHb

MapioBi pinuHHI pakeTHi nBUTyHHi yctaHoBKM (PPY) mepimx cTymeHiB kocMiuHuX pakeT-HOCiiB (PH) cepemHboro, Baxkkoro
i HaJBaXXKOTo KJIacy 3a3BMYail BKJIIOYAIOTH AeMIlpepy MOB3IOBXHIX KOJMBAaHb, sIKi € OMHUM 3 TMOIIMPEHUX CIOCOOIB YCYHEHHS
no300BXHix komuBaHb pinnHHUX PH (POGO-konmuBanb). OgHaK 10 TEMEpillHbOTO Yacy TEOPETUYHI JOCTIIKEHHS 1 aHali3 BILIMBY
BCTaHOBJIEHHs JIeMII(epiB MO3MOBXHIX KOJMBAHb y KUBJISIUMX MarictpaisiX MaplIOBUX PiIMHHUX pakeTHUX auryHiB (PPI) Ha
mepeximHi mpoiecu B cucTemax Ipu 3amyckax PPJI He mpoBoanincs yepes CKIaaHICTh 30iiCHEHHST TAKOTO aHaJli3Yy, i Ieplil 3a Bce —
yepe3 BiICYTHICTb TOCTOBIPHUX HETiHIMHMX MoIesIeil KaBiTalliiHMX SIBUIL B HACOCaXx.

Po3pobiieHo MatemMaTuuHy Moesb 3amycKy oararonsuryHHoi PPV I crynens paketu-Hocis «lLlukimoH-4M», 1110 BKJIIOYAE YO-
tupu Mapinosux PP P/1-870, 3 ypaxyBaHHSM BCTaHOBJIEHHS IeMIepiB MO3M0BXKHIX KOJIUBaHb i HeogHoYacHoro 3amnycky PP/I.
[IpencraBneHo HeniHiliHY MaTeMaTUYHY MOJETb HU3bKOYACTOTHUX AMHAMIYHUX TIPOIIECiB y AemIihepax MO3A0BXKHIX KOJIMBAHb 3
cruIbGOHHUM PO3MOJIIIOM PiKOTO i ra3oBoro cepenosulll. [TokazaHo cyTTeBMIl BIUIMB KaBiTallii B Hacocax ABUTYHIB i nemrmdepinB
MO3IOBXHIX KOJIMBAaHb HAa YACTOTHI XapaKTepPUCTUKU CUCTEMU KUBJIeHHST okucaioBaueM PP/1Y. Ha ocHoBi po3po0bieHoi MaTema-
TUYHOI Mojeni 3amycky PP1Y nocnimkeHo nuHamiuHi pouecu rnpu 3anycky 6aratoasuryntoi PPY I crynens PH «lukinon-4M»
3 ypaxyBaHHSIM HEOJHOYACHOTO 3amycKy okpemux PP/l i BctaHOBIeHHs AeMIIepiB MO3A0BXKHIX KOJUBAHb SIK Y BiITaTy>KEHHSIX Ha
PPJ1 P/1-870 6inst kosiekTopa (IUTaTHE PO3MIlLIEHHSsT), TaK i Ha BXOAi y ABUTYHU. AHAJII3 MEePeXiTHUX MPOLECIB y CUCTEMi KUBJICHHS
okucaoBadeM po3rissHytoi PPI1Y, 3anexxHocTeil BUTpaTH i TUCKY Ha BXOJi Y IBUTYH BiJl Yacy BUSIBUB TakKi 0co0auBoCTi. [To-mepiie,
BCTaHOBJIEHHS ieMTI(epiB MO3M0BXKHIX KOJTUBaHb OiJ1s1 KOJEKTOpa JO3BOJISIE TPU OJTHOYACHOMY 3aITyCKy IBUTYHIB YCYHYTH Ha BXO[i Y
JIBUTYH Malixe BCi 3aKUIaHHS TUCKY, sIKi Masu Miciie it PPI1Y, He ocHatieHoi nemrdepamu mo310BXKHiX KoiauBaHb. [1pu BcTaHOB-
JieHHi femrdepiB Ha BXOJi Y ABUTYHU 3aKUIaHHS TUCKY Ha BXOJli y IBUTYH NMPaKTUYHO BiacyTHi. [1o-apyre, HEOAHOYACHICTh BCTYITY
B poooty PPJI P/1-870 HeraTuBHO BimOMBA€ETHCS Ha 3aJIEXKHOCTSIX Bill Yacy BUTPATH i TUCKY Ha BXOMi Y ABUTYH IPU pO3TalllyBaHHI
nemrdepis Oinst Kosekropa. Tak, B iHTepBai yacy 0.95...1.35 ¢ uist [esikux BapiaHTiB 3MillleHHSI MOMEHTIB MTOYaTKy 3aITyCKy ABUTYHIB
CIIOCTEPIra€ThCsl aAHOMAJILHO BEJIMKE MaiHHS BUTPATU OKKCIIOBaYa Ha BXOJi Y IBUTYHM i 3aKMAaHHS TUCKY Ha BXO/i y ABUryHU. Heo-
JTHOYACHICTh 3amycky aBuryHiB P/1-870 npu BctaHOBIEHHI AeMIipepiB HA BXO/i Y IBUTYHU ICTOTHO He 3MIiHIOE TEpeXiliHi npoiecu
npu 3amycky PPIY B mopiBHSIHHI 3 OMHOYaCHMM 3aITyCKOM ABUTYHIB. [1o-TpeTe, moka3aHo, 110 BCTAHOBJAEHHS AeMII(pepiB Mo310-
BXXHIX KOJIUBaHb SIK Ha BXOJIi y IBUTYHH, TaK iy BigranxyxxeHHsix Ha PP/] P/1-870 6iist Kojekropa, Ma€e CyTTEBUIA TIO3UTUBHUIT BIUTUB
Ha SIKiCTh nepexinHux npouecis ripu 3amycky PPIAY I crynenst PH «llukion-4M». Po3mitieHHsT gemMIiepiB MO3A0BXKHIX KOJIMBaHb
Ha BXOJIi y JIBUTYHU HE € IITaTHUM i PO3IJISIIa€Thes Oe3 TIpUB’sI3KK 10 KomrioHyBaHHsT PPJ1Y. Pazom 3 Tum neMrdepu, BcTaHOBJICHI
Ha BXOJi Y IBUTYHH, € Ti€BUM 3aCO00M YCYHEHHSI 3aKMIaHHs i mpoBaiiB mapameTpiB PPI1Y, 3okpema B yMoBax HEOMHOYACHOTO 3a-
nycky PPJ1 y ckitani 6araTogBUryHHOI yCTAHOBKM.

OTpumMaHi pe3yabTaT MOXHA BUKOPUCTOBYBATHU IMPU MaTeMaTMYHOMY MOJIEIIOBaHHI 3amycKy MapiiuoBoi PPIY pakeTtu-Hocis
MMakKeTHOI cxeMu abo O6aratoaBuryHHoi PPI1Y, 1o Mictath neMrichepu MOB3IOBXHIX KOJMBaHb.

Karouogi caosa: piniHHM pakeTHUI ABUTYH, HU3bKOYACTOTHI IMHAMIUHI ITPOLIECH, 3aMMyCK, KaBiTallisl B Hacocax, CUCTeMa >KUBJICH -
H$1, HEOTHOYACHICTb 3aITyCKy, IeMIichep MO3M0BXHIX KOJIMBaHb.
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