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DETERMINATION OF THE THRUST SPREAD
IN THE CYCLONE-4M FIRST STAGE MULTI-ENGINE
PROPULSION SYSTEM DURING ITS START

Introduction. The development of the Cyclone-4M space rocket complex is an important project of Ukraine space
industry. In order to reduce the costs and the time inputs for the design and manufacture of liquid rocket engines
(LRE) for the 1% stage of the Cyclone-4M launch vehicle, Pivdenne Design Office has employed the clustered
multi-engine prototyped before as 1* stage sustainer engine.

Problem Statement. In a clustered multi-engine propulsion system, because of internal and external factors,
individual engines do not start simultaneously. This may lead to dangerous spreads in the thrust of individual
LREs in the course of the start of propulsion system, which can cause significant deviations of the launch vehicle
motion from its trajectory within the initial time interval of the flight.

Purpose. The purpose of this research is to estimate the thrust spread as a result of the effect of internal and
external factors on the transient processes in the individual engine systems and their dynamic interaction during
the start of a multi-engine system of the Cyclone-4M first stage.

Material and Methods. The methods of automatic control theory, the impedance method, the statistical method and
the methods for numerical simulation of non-stationary processes in pipeline systems of launch vehicles have been used.

Results. A mathematical model for start of multi-engine propulsion system of the Cyclone-4M first stage has
been developed. It makes it possible to take into account the influence of spread of internal and external factors on
the transient processes in a multi-engine system during the start of the engines. An effective method for determining
the indicated thrust spread, which is based on the use of LP -sequences (Sobol sequences) that are sequences of
multidimensional points whose uniform distribution is asymptotically optimal, has been developed. The transient
processes in the RD-874 multi-engine propulsion system have been determined for various combinations of engine
misalignments caused by external and internal factors. The lower and upper envelope curves of the time depen-
dences of combustion chamber pressure have been plotted for each LRE in the multi-engine propulsion system.

Conclusions. The thrust spread and the spread of the time of reaching 90% thrust for RD-874 multi-engine propul-
sion system is significantly (about 2 times) smaller than that for individual RD-870 engine in this propulsion system.

Keywords: liquid-propellant rocket engine, multi-engine liquid-propellant rocket launch vehicle, start, mathema-
tical modeling, external and internal factors, and thrust spread.
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Currently, one of the important projects of the
space industry of Ukraine is the development of
the Cyclone-4M space rocket complex [1] at Piv-
denne Design Office, with the involvement of
other enterprises of the space industry and the Na-
tional Academy of Sciences of Ukraine. In order
to reduce the costs and time inputs for designing
and manufacturing liquid rocket engines for the
first stage of Cyclone-4Mlaunch vehicle, Pivdenne
Design Office has been going to employ the four-
engine cluster that was prototyped before [2] as
1% stage sustainer engine. The use of such an ap-
proach opens up the prospects for a quick and re-
liable creation of LRE for the Cyclone-4M first
stage by including the necessary number of en-
gines in the cluster.

All LREs have a thrust spread and different
time of 90% thrust takeoff because of the internal
(temperature in gas tracts, turbine and pump ef-
ficiency, pump head, etc.) and the external (pressure
and temperature of fuel components at the engine
inlet) factors. In multi-engine device, the interac-
tion of individual LRE and the combination of
the internal and external factors of individual en-
gines may lead to dangerous thrust spreads in
both individual LREs as part of the rocket engine
and the rocket engine as a whole during its start.
Such an extraordinary situation, at best, may lead
to a significant deviation of the launch vehicle
motion from the base trajectory at the initial stage
of its flight, and in the worst case, may result in a
start failure. The mathematical modeling of the
low-frequency dynamics of the Cyclone-4M mul-
ti-engine and the study of the effect of internal
and external factors on the dynamic processes
during the start of individual LREs in the cluster
and the rocket engine as a whole allow predicting
and preventing possible emergency situations
during the start of Cyclone-4M launch vehicle.

The purpose of this research is to estimate the
thrust spread as a result of the effect of internal
and external factors on the transient processes in
the individual engine systems and their dynamic
interaction during the start of a multi-engine sys-
tem of the Cyclone-4M first stage.
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MATHEMATICAL MODEL
OF THE START OF CYCLONE-4M FIRST
STAGE MULTI-ENGINE

The Cyclone-4M first stage multi-engine RD-874
includes four RD-870 engines. Figure 1 a, b shows a
layout of the feed lines of shared propulsion system
and simplified flow schematic of this engine (main
oxidizer pipe in Fig. 1 @ and RD-870 engine in Fig. 1
b; each RD-870 engine is supplied with fuel from a
tank fuel through a separate pipeline). The RD-870
engines are made according to the scheme using
generator gas afterburning process and have a higher
specific thrust impulse as compared with the engines
without afterburners. Thanks to this, the former
have prospects for their wide use in the future.

The mathematical model of the RD-874 start
describes all significant low-frequency dynamic
processes in the sustainer engine and takes into
account a large number of internal factors asso-
ciated with dynamic processes in engines. Such
models differ in their complex structure and in-
clude dozens and even hundreds of differential
and algebraic equations [3]. Below, we briefly
consider individual fragments of the complete
mathematical model of the RD-874 start, which
describe the most significant low-frequency dy-
namic processes in the sustainer engine.

Such a model should include equations de-
scribing the process of filling hydraulic tracts
with fuel components. The process of filling the
hydraulic tracts occurs at the initial stage of the
LRE start and significantly affects the ignition
time of the fuel components in the gas generator
and, in general, the characteristics of the LRE
start. In order to describe the dynamics of the li-
quid in the hydraulic tracts of the LRE, the section
of the tract to be filled is divided into several sec-
tions with similar volumes. The equation for fill-
ing the i-th section is written as

dVLi GLi -G

G

EKi  ° PXi
= )

dt Y1

where V,, v, are the volume of i-th section to be
filled and the specific gravity of the liquid in the
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Fig. 1. Simplified flowchart of the oxidizer trunk of RD-874 multi-engine propulsion system (@) and RD-870 LRE (b)

section, respectively; ¢ is time; G,,is consumption
of the liquid phase to fill the i-th section; G, is
the sum of liquid consumption (greater than zero,
liquid boiling) and steam consumption (less than
zero, steam condensation) when the parameters
(pressure and temperature) of liquid and steam
pass through the saturation curve; G, is the flow
rate of a liquid that converts into steam when
heated. The shape of the filling front, which is de-
termined by the experimental filling function, has
a decisive influence on the filling characteristics
of hydraulic tracts. In the case of cryogenic fuel
components, determining the filling of hydraulic
tracts is significantly complicated [4]. It is neces-
sary to additionally take into account the heating
of the cryogenic propellant, its gasification and
condensation, as well as the cooling of the struc-
ture of the hydraulic tract.

In the RD-870 engines, a gas turbine is used as
a drive for the oxidizer booster pump, the work-
ing fluid of which is the gas taken after the main
turbine. According to the engine scheme, the ex-
haust gas is discharged into the flow of the liquid
(cryogenic) component of the fuel at the inlet of
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the main oxidizer pump. The condensing gas car-
ries a potential danger of the instability of the
work process because of both the destabilization
of the gaseous working fluid condensation during
the transient processes and the possible cavita-
tion self-oscillations in the hydraulic system that
consists of a short pipeline and the main oxidizer
pump. To take into account the injection of a gas-
eous working medium into the fuel liquid compo-
nent flow, for the mathematical modeling of the
start of the RD-870 rocket engine, the authors
have used the generalized results of experimental
studies of the condensation of superheated oxy-
gen vapor in liquid oxygen flow [5, 6]. With the
help of these data, the heating of the fuel cryo-
genic component at the inlet of the main oxidizer
pump and the malleability of the vapor condensa-
tion zone have been determined:

v,
—£x Sgdg[— 0,00910, M7 kM7 9%
6p1 apl

+0,02170. %7 K 067 a—K}’
op;
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where p, is the pressure in the liquid oxygen flow; V.
is the condensation zone v lume; d , S are the diame”
ter of the hole and the total area 011g the holes through
which gaseous oxygen is blown; a is the ratio of the
liquid oxygen axial velocity to the gaseous oxygen
axial velocity; K is phase transition criterion, the va-
lue of which is calculated according to the formula

L
C/AT,’

where AT, = T, — T, is the underheating of the liquid
to the saturation state; T, is the saturation tempera-
ture (at a given pressure in the liquid); 7;is the tem-
perature of the liquid; C, is heat capacity of the li-
quid; L is the specific heat of condensation.

Unlike the pumps used in various industries, the
LRE pumps are designed and manufactured with
high anti-cavitation properties. In particular, this
means that the LRE pumps have a lower break-
down pressure in the second critical mode, but at
the same time, cavitation bubbles appear in them
at higher inlet pressures. The modern LRE pumps
at all stages of operation (engine start, main mode,
stop) operate in the cavitation mode [7]. In this
regard, taking into account cavitation phenome-
na in the LRE pumps is of crucial importance.

The most developed mathematical model of
cavitation oscillations in a hydraulic system with
screw centrifugal pumps for LREs is hydrody-
namic model [8] with generalized experimental
and calculation coefficients [9, 10], which con-
tains the equation of the dynamics of cavitation
caverns in terms of the pressure at the pump inlet
and the equation for determining the pressure at
the pump outlet:

a,_G
dt g

-G Gd Gd,
: 2 4 Ry dtl + R _dtz
~ GdZ y
P2=P1+PH 'pH(VK)_JH dr

(1+a,)

’

where p,, G, are the pressure and the fluid flow
(consumption) at the pump inlet; p,, G, are the
pressure and the fluid flow at the pump outlet;
pu» Py Wy ) are the pressure and the cavitation
function of the pump; V, is the volume of cavita-
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tion caverns; /,, is coefficient of inertial resistan-
ce of the liquid in the flow part of the pump;

- BT )(G1 ~G,); Cx =—-L is the malleabili-
@pl Bl

ty of caverns; R

P

R,, are the cavitation resist-
_a(%é;l{)(@ -Gy), Ry, = 2 YTK ; By(py, G1):%;
B,, T, are the elasticity and the time constant of
cavitation caverns; y is the specific gravity of li-
quid; p,, is the pump failure pressure.

The oxidizer feed system of the Cyclone-4M first
stage sustainer engine contains extensive bran-
ched pipelines. For mathematical modeling of the
low-frequency dynamics of such feed systems, me-
thodological approach [11] can be recommended.
It involves the sequential solution of the following
problems: to build a linear mathematical model of
the dynamics of the hydraulic tract that is consi-
dered a system with distributed parameters and to
determine its frequency characteristics; to replace
this system by a system with lumped parameters,
which is built from finite hydrodynamic elements
based on matching the frequency characteristics of
these two systems; to build a non-linear mathe-
matical model of the low-frequency dynamics of
the hydraulic tract for the calculation of the tran-
sient processes during the engine start.

Mathematical modeling of fluid dynamics in a
cylindrical homogeneous pipeline that considered
a system with distributed parameters is based on
the use of the equations of unsteady fluid motion,
the equation of discontinuity, and the equation of
state [12], [13]. At the same time, the fluid dy-
namics are described by the following system of
partial differential equations:

», 1 Gk

K1’

ance coefficients B,

——+——-G =0,
oz g-F ot g-F

oG g-F'O_p_

oz 2 oa

where p, G are the pressure and the mass per se-
cond flow of liquid; z is coordinate of the axis of
the trunk; Fis the cross-sectional area of the trunk;
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Fig. 2. The amplification factor of the oxidizer feed line of the Cyclone-4M first stage multi-engine propulsion system (¢ — module;
b — argument): 7 — cavitation in the pumps neglected, distributed parameters of the feed system; 2 — given cavitation in pumps,
with distributed parameters of the feed system; 3 — given cavitation in pumps, with lumped parameters of the feed system

k is the reduced coefficient of linear friction per
unit of the trunk length; g is the acceleration of
gravity; c is the speed of sound in the liquid that
flows through a pipeline with elastic walls.

The pipeline as a system with lumped parameters
can be represented in the form of a quadripole:

5p, = p, — (R+9J) - 8G,
8G, = —Cs-8p, + G,

where R, J are the coefficients of linearized hyd-
raulic resistance and inertial resistance of the
pipeline section; C is the lumped malleability of
the pipeline section; s is the Laplace variable.

Coeftficients R and J are determined by the geo-
metry of the pipeline, pressure losses and fluid
flow. The number of lumped malleability values C
and their values are chosen based on the required
accuracy of matching in the specified frequency
range of the considered frequency characteristics
of the pipeline as a system with distributed and
lumped parameters.

Figure 2 presents the coefficients of amplifica-
tion of the oxidizer feed pipeline by pressure in
the section from the oxidizer tank (oxidizer pres-
sure in the tank p, ) to the inlet of the oxidizer
booster pump (pressure at the booster inlet p, ),
both without taking into account and given the
cavitation in the pumps; the calculations have
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been made for the cases when the pipeline is con-
sidered a system with distributed parameters (cur-
ve 2) and a system with lumped parameters (cur-
ve 3). This figure demonstrates a satisfactory match
between the amplification of the pipeline as a dis-
tributed parameter system and the pipeline as a
lumped parameter system. In addition, there is a
significant influence of cavitation in pumps on
the natural frequencies of oscillations in the oxi-
dizer feed system. Thus, because of cavitation in
the LRE pumps, the first natural frequency of li-
quid oscillations in the oxidizer line decreases
almost three times, from 15.8 Hz to 5.8 Hz.

The controller of fuel flow to the gas genera-
tor is of decisive importance for setting and
keeping of the necessary power of the turbo-
pump unit and, therefore, the thrust of the engine.
Therefore, the spread of the design and mode pa-
rameters of the flow controller can significantly
affect the thrust spread of the LRE in the course
of its start. For mathematical modeling of dy-
namic processes in the fuel consumption con-
troller at start, a mathematical model described
in [14] has been developed. The equation of mo-
tion of the moving parts of the flow controller is
written as follows:

d2
de_g"'FFR (x)+ kgp x :FP(pA _PB)_ Rsop + Ryp,
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where m is the mass of moving parts of the flow
controller; x is the displacement of the flow cont-
roller spool; F, (x) is the force of friction, pro-
ceeding from the hypothesis of dry friction; k, is
the spring stiffness coefficient; F, is the cross-sec-
tional area of the spool; p,, p, are the fluid pres-
sure in cavities A and B, respectively (see [14]);
RY, is the initial tightening of the flow controller
spring; R, is the hydrodynamic force.

The static characteristic of the flow controller
G,, = G.(Ap,,), which is a measure of the static
accuracy of the controller, can be presented in a
parametric form (parameter x), with liquid leaks
neglected, by the following ratios:

2gy1-' (R9OP + kS‘Px )
FP + 6l:‘D l[(x) kHD
(W F)* (WF,(x))

2 _
Gip =

Ap. =G ! ! + ! ’

R TR gy | (mF)? T (wF, (1)
where 3, is the thickness of the spool edge; L (x)
is the total length of the edges of the spool win-
dows; k,,, is empirical coefficient; vy, is the fuel
specific gravity; p F, is the effective area of the
controller measuring throttle windows; p, F,(x) is
the effective area of the spool windows.

In the elements of the gas tract of the RD-870
LRE (the combustion chamber, the gas genera-
tor, and the gas pipe), the gas flows under the
supply of heat released from fuel combustion. In
the general case, the gas flow is described by the
differential equations in partial derivatives, which
express the laws of conservation of mass, momen-
tum, and energy, and the equation of state for gas
[12], [4]. In practice, the principle of regulating
the range of model dynamics is used in mathe-
matical modeling of dynamic processes in LRE
[15]. The regulation of the dynamic range of the
model allows us to use different principles for
model building and methods for its study in dif-
ferent frequency ranges, which greatly simplifies
the modeling process. In particular, in the low-
frequency range, the engine combustion chamber,
the gas generator, and the gas pipelines can be
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considered elements with lumped parameters,
since their linear dimensions are significantly
smaller as compared with the length of the acous-
tic wave [15].

The working process in the combustion cham-
ber and in the gas generator is a sequence of phys-
ical and chemical processes (injection of liquid
components of fuel, its atomization, crushing, for-
mation of droplets, evaporation, mixing, ignition,
burning) that result in the transformation of fuel
into final products of combustion. Because of the
complexity of these processes and their interrela-
tionships, a general theory of the working process
in the LRE chamber has not yet been created, and
quantitative studies allow only highlighting the
main phenomena and building a simplified model
of the processes [16]. The real process of combus-
tion of liquid fuel components is difficult to de-
scribe analytically, and its main characteristic —
the fuel burnout curve — depends on many fac-
tors and can be complex. M.S. Natanzon has pro-
posed, when modeling low-frequency processes
in LRE, to replace the real burn-up curve with a
single step function — pure (transport) delay
¢,(t) = 1(t — t.), where t_is the time of transfor-
mation of liquid fuel components into combus-
tion products [12], [17]. Despite the fact that this
model is quite approximate, it is widely used until
now (e.g., [18], [19]). The transport delay is also
approximated by the temperature transfer curve
by turbulent mass flows in the elements of the gas
tract: ¢ (t) = 1(¢ — t,), where t_is the time of gas
stay in the section of the tract [12], [18].

In [20]—[22], schemes of approximate replace-
ment of the delay link equation y(¢) = x(¢ — t) by
systems of ordinary differential equations have
been proposed. These schemes are based on the
approximation of the transfer function of delay
link W (pt) = exp(—pr) by rational functions of
pt (here p is the complex variable of the Laplace
transform at zero initial conditions; 7 is the delay
time). It has been shown that for small values t
(such as the time of transformation of fuel liquid
components into combustion products), the frac-
tional Taylor series of the 1* order can be used as
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an approximating rational function. The two ra-
tional functions are recommended for approxima-
ting the transfer functions of the delay links in the
dynamics equations of the gas generator and gas
pipeline (with delays t)): function R ., (pt) =
=T, (pr/2)F = 1/(1 + pr/2 + 0,125p°¢%)° = W (pr)
that is obtained by replacing the delay link with a
chain of two oscillating links with half the delays
[21] and function W(pt) = P,,(pt) = (1 - pr/3) /
(1+2pt/3 + p>t?/6) built with the use of the Padé
method [22]. The approximation with functions
R, o (pt) and P, ,(pt) allows obtaining accep-
table results of LRE start calculations for values
o1 < 3 (where o is the angular frequency of cha-
racteristic oscillations).

EXTERNAL AND INTERNAL FACTORS
OF RD-874 MULTI-ENGINE

Each rocket engine is unique in terms of its charac-
teristics, design solutions, features of the process in
the main and transitional modes and many other
parameters. The list of internal factors for each en-
gine due to its characteristics is also unique. This
list usually includes the following [23]: change in
the hydraulic resistance of the paths to the gas ge-
nerator and the combustion chamber, fluctuations
in the diameter of the critical section of the combus-
tion chamber, deviation of the diameter of the criti-
cal sections of the turbine nozzles. This list can be
extended by divergence of turbine and pump effi-
ciency, deviations of oxidizer and fuel pump pres-
sures, temperature fluctuations in the fire spaces of
the gas generator and the combustion chamber.
The thrust spread at the engine start is also af-
fected by different time of opening the oxidizer
and the fuel valves on the gas generator and the
combustion chamber. In addition, the dynamic
characteristics of the LRE start are affected by the
spread of the coefficients of the mathematical mo-
del of the dynamic processes at start: the delay
time of gas formation in the gas generator, the time
of stay of combustion products in the gas genera-
tor and gas pipeline, the coefficients of fluid malle-
ability in the oxidizer and fuel hydraulic paths.

ISSN 2409-9066. Sci. innov. 2022. 18 (6)

The given list of the internal factors may be ex-
tended further. The full list can be very cumber-
some, which significantly complicates the deter-
mination of the influence of internal factors on
the thrust spread. However, it should be noted
that among all internal factors, one can single out
those that have a weak (as compared with others)
influence on the thrust spread at the start. In the
first approximation, such factors can be ignored.
In order to determine the internal factors that
have the greatest influence on the thrust spread
at the start, it is necessary to conduct a series of
preliminary calculations of engine start, in which
the internal factors are alternately varied within
their spreads and the deviations of the studied
parameters, for example, the time of reaching 90%
thrust are determined. Below, we consider the in-
ternal factors with the largest deviations.

The list of the internal factors that have the
greatest influence on the thrust spread of the
RD-874 multi-engine propulsion system at its start,
as well as the limits of variation of their values are
given in Table 1. Nine factors from this Table de-
termine the static characteristics of the engine and
affect both the time of 90 % thrust takeoff and the
engine thrust in steady state of operation. Two
factors (the time the combustion products stay in
the gas generator and the opening time of the fuel
valve on the gas generator) affect only the time
during which the engine reaches 90% thrust.

The external factors of the RD-874 multi-en-
gine propulsion system should include the pro-
pellant temperature and the pressure at the pump
(engine) inlets.

Method for setting the spread
of the external and the internal factors

Let us assume that the mathematical model of the
low-frequency dynamic processes of the start of
RD-874 multi-engine propulsion system contains
n external and internal factors o, ..., a, that have
the greatest influence on the thrust spread of the
multi-engine propulsion system at its start. The
set of points Ai with Cartesian coordinates (CH—
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a, . forms a n-dimensional space of parameters. In
fact, the parameters o, ..., o, vary within limited
ranges and belong to admissible set P that is a n-
dimensional region of the parameter space:

P={a,..,q: oc].”‘i“ <oy < aj""‘“‘,j =1,.,n5. (1)

A direct approach to determining the thrust
spread of the RD-874 multi-engine propulsion
system during its start is to implement various
combinations of external and internal factors from
admissible set (1). The values of imprecisely spe-
cified parameters (trial points) can be chosen ba-
sed on a random search. The more uniformly the
values of external and internal factors are located
in the parameter space, the more effective is search
[24]. In both cases, the solution to the problem of
determining the thrust spread at the start of the
RD-874 multi-engine propulsion system, which
is caused by the spread of the external and the
internal factors, requires a large amount of calcu-
lations and is quite time-consuming even with a
relatively small number of varying parameters.

In this research, for the selection of trial points
a,, .., o € P, we propose using the method for
probing the space, which is called the LP-search.
This method is implemented for a unit #-dimen-
sional cube K. The points of LP -sequences (Sobol
sequences) are used as trial points in the n-dimen-

sional cube. The LP -sequences are the most evenly
distributed among all currently known sequences.
Their use has an advantage as compared with the
simplest random search and is much more effec-
tive than the uniform cubic lattices at n > 1 [24].

Different combinations of deviations of each of
the external and internal factors determine diffe-
rent combinations of the varying parameters for
the calculations of the start. The combinations of
deviations of parameters reduced to a dimension-
less form have been determined by LP -sequences
built in a unit cube K" according to [24]. The use
of LP -sequences makes it possible to cover the
deviations of the external and internal factors in
the most uniform manner with a smaller number
of realizations. The calculation algorithm has been
presented in [24]. Tables 2 and 3 contain a set of
combinations of the external and internal factors
of the RD-874 multi-engine propulsion system,
which are obtained with the use of the LP -se-
quence. Each line of Tables determines coordina-
tes (X, X,, .., X,) of a point in the n-dimensional
unit cube and specifies one of the options for rea-
lizing the deviations of the external and internal
factors. Each column of the Table specifies one
coordinate x; of a point in the #-dimensional unit
cube for all options of the realization of devia-
tions of the external and internal factors.

Table 1. The Internal Factors of the Engines of RD-874 Multi-Engine Propulsion System

No. Factor ofvaration% | Nod | No2 | Ned | Ned
1 | Temperature in the gas generator +3.9 X, X,, X,, Xy,
2 | Temperature in the combustion chamber +3.4 X, X, X, X,
3 | Area of the nozzles of the turbine +2 X, X, X5 Xy
4 | Turbine efficiency +5 X, X5 Xyg X,
5 | Oxidizer pump pressure +2 X X6 X,, Xyq
6 | Oxidizer pump efficiency +1.3 X, X, Xy Xy
7 | The pressure of the fuel pump of the first stage +2 X, X, Xy X
8 | Efficiency of the fuel pump of the first stage +3 X, X, Xy X,
9 | Residence time of combustion products in the gas generator +20 X, X, X, X,

10 | Initial compression of the fuel flow controller spool spring +10 X, X, X, X,

11 | Opening time of the fuel valve on the gas generator +20 X, X, X, X,
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ANALYSIS OF THE RESULTS

OF DETERMINING THE THRUST SPREAD
OF CYCLONE-4M FIRST STAGE
MULTI-ENGINE PROPULSION SYSTEM
AT ITS START

Using the mathematical model of the start of the
Cyclone-4M first stage multi-engine propulsion
system, which is presented conceptually in this
research, in accordance with the above-described
method of uniform assignment of deviations of
the external and internal factors, we have made a
series of calculations of the start of the RD-874
multi-engine propulsion system. When marking
the four engines of the RD-874 multi-engine pro-
pulsion system, we assume that the set of internal
factors (parameter deviations) of engine No. 1 cor-
responds to the set of coordinates (x, x,, ..., X,,),
that of engine No. 2 corresponds to (x,,, X,,, ..., X,,),
that of engine No. 3 corresponds to (X,,, X, .., X;,),
and that of engine No. 4 corresponds to (X,,, X, ..
X,,), in accordance with Table 1. Figures 3 and 4
show the time dependences of the combustion cham-
ber pressure at the start of the RD-874 multi-en-
gine propulsion system, which are calculated on the
condition that the spread of the internal factors
for all RD-870 engines is the same and equal to that
for engine No. 1. In this case, the set of the inter-
nal factors is as follows: x, =x,, =x,, = x,,, X, =X, =
=X,, = X5 ... X,;, = X,, = X, = X, (see Table 1).
Figures 3 and 4, curves 1 and 2 show the lower
and the upper envelopes of the combustion cham-
ber pressure. Curves 3 and 4 in Fig. 3 feature the
dependencies obtained in the calculation options
with the minimum (No. 176) and maximum (No.
191) time of 90% thrust takeoff. Curves 3 and 4
in Fig. 4 show the dependencies obtained in the
calculation options with the minimum (No. 176)
and the maximum (No. 247) combustion cham-
ber pressure. From these Figures and Tables 4
and 5, it can be seen that the spread of the exter-
nal and internal factors may lead to a significant
difference in the time of reaching 90% thrust at
the engine start (more than 0.08 s) and a signifi-
cant thrust spread at steady state (7% and more
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Fig. 3. The calculated time dependences of the combustion
chamber pressure at the start of the RD-874 multi-engine
propulsion system (the spread of the internal factors in all
RD-870 engines is the same) for the options in which the
minimum and the maximum time of 90% thrust takeoff is
realized: 7, 2 — the lower and the upper envelopes; 3 — the
minimum time of thrust takeoff (option No. 176); 4 — the
maximum time of thrust takeoff (option No. 191)

D¢ bar
200

——— i —— —— —————

150 -

100 |-

50

2 3 t,s

0

Fig. 4. The calculated time dependences of the combustion
chamber pressure at the start of the RD-874 multi-engine
propulsion system (the spread of the internal factors in all
RD-870 engines is the same) for the options in which the mi-
nimum and the maximum thrust is realized: 7, 2 — the lower
and the upper envelopes; 3 — the minimum thrust (option
No. 176); 4 — the maximum thrust (option No. 247)

as compared with its nominal value). At the same
time, it is impossible to single out the two worst op-
tions of the combinations of the spread of these fac-
tors, which would determine the lower and the up-
per envelopes for the family of calculated time de-
pendences of the combustion chamber pressure,
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which are obtained upon considering all the options
of the spread of the external and internal factors.
When realizing the spread of external and in-
ternal factors according to option No. 176 (see
Tables 2 and 3), internal factors x, x,, x, x,, and
X, take values close to their limit ones (less than
10% of the limit value). For options No. 191 and
No. 247, such values are taken by the internal fac-
tors x,, x,, X, and, respectively, x,, x,, X, and x.
When the number of internal factors is not very
large (in our case, 11), this information allows us
to find out which internal factors are responsible
for the largest deviation of the studied parameter
(in our case, the combustion chamber pressure).
In this research, the calculated time depend-
ences of the pressure in the combustion chamber
at the start of the RD-874 multi-engine propul-
sion system with the same spread of the external
and internal factors in all RD-870 engines are the
starting point that allows us to assess the degree
of influence of inevitable spread of the engine
geometric and mode parameters on the start cha-

racteristics of the RD-874 multi-engine propul-
sion system consisting of four RD-870 engines.

The further calculations of the start of the
RD-874 multi-engine propulsion system have been
made with different spreads of the external and
internal factors for all four engines. The results of
these calculations have shown that the lower and
upper envelope curves for the time dependences
of the combustion chamber pressure, which are
calculated for each of the four engines (No. 1, No. 2,
No. 3, and No. 4), are close to the similar enve-
lope curves obtained in the case when the spread
of the parameters in all engines is the same (see
Figs. 3 and 4). In addition, the minimum and the
maximum values of the time of reaching 90%
thrust and the time of complete thrust takeoff for
all engines are also close (see Tables 4 and 5).

It is very important from a scientific point of
view, as well as for practical use, that the mini-
mum and maximum values of the time of reaching
90% thrust in the entire RD-874 multi-engine pro-
pulsion system range within (—0.0490 s, +0.0328 s)

Table 2. A Set of Combinations of the Internal Factors of the RD-874 Multi-Engine Propulsion System

Coordinates of LP_sequence points
OIEIt(i(.m Engine No. 1 Engine No. 2 Engine No. 3 Engine No. 4

X1 X11 X12 X23 X33 X34 XM

1 0.5 0.5 0.5 0.5 0.5 0.5 0.5
2 0.25 0.25 0.75 0.75 0.25 0.25 0.25 0.25
3 0.75 0.75 0.25 0.25 0.75 0.75 0.75 0.75
4 0.125 0.875 0.875 0.375 0.375 0.125 0.125 0.875
5 0.625 0.375 0.375 0.875 0.875 0.625 0.625 0.375
6 0.375 0.625 0.125 0.625 0.125 0.375 0.375 0.625
7 0.875 0.125 | 0.625 0.125 | 0.625 0.875 | 0.875 0.125
8 0.063 0.688 | 0.313 0.188 | 0.938 0.938 | 0.063 0.188
9 0.563 0.188 | 0.813 0.688 | 0.438 0.438 | 0.563 0.688
10 0.313 0.938 | 0.563 0.938 | 0.688 0.688 | 0.313 0.438
1 0.813 0.438 | 0.063 0.438 | 0.188 0.188 | 0.813 0.938
12 0.188 0.313 | 0.688 0.313 | 0.563 0.813 | 0.188 0.813
255 0.996 0.332 0.043 0.793 0.746 0.254 0.395 0.051
256 0.002 0.803 0.455 0.037 0.486 0.881 0.447 0.557
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Fig. 5. The calculated time dependences of the combustion chamber pressure at the start of engine No. 3 for the calculation
options in which the minimum and the maximum time of 90% thrust takeoff (a) and the minimum and the maximum thrust
(b) are realized: 1 — the lower envelope; 2 — the upper envelope

that is significantly smaller (approximately 2 ti-
mes) than the corresponding ranges of the time of
reaching 90% thrust for each individual engine
(see Table 4). The thrust spread of the entire
RD-874 multi-engine propulsion system is also
significantly less than that of one engine. As can
be seen from Table 5, the minimum and the maxi-
mum spread of the pressure in the combustion
chamber range from —3.34% to +3.23% of the en-
gine nominal thrust (calculated per engine).
Based on the results of the calculations, it has
been established that all engines have different
combination of spreads of the external and inter-
nal factors, which leads to the largest deviation of
the combustion chamber pressure from the nomi-
nal one. The largest deviation of the time of reach-
ing 90% thrust has been obtained for the following
combinations of the external and internal factors:
¢ for engine No. 1: No. 176 (min) and No. 25 (max);
# for engine No. 2: No. 164 (min) and No. 173 (max);
o for engine No. 3: No. 164 (min) and No. 165 (max);
o for engine No. 4: No. 250 (min) and No. 207 (max).
The largest deviation of the thrust takeoff from
the nominal value has been obtained for the spre-
ad of the parameters, which corresponds to the
following options:
¢ No. 176 (min), No. 247 (max), for engine No. 1;
+ No. 164 (min), No. 78 (max), for engine No. 2;
¢ No. 175 (min), No. 155 (max), for engine No. 3;
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¢ No. 5 (min), No. 187 (max), for engine No. 4.
Figure 5 shows the calculated time dependen-

ces of the combustion chamber pressure at the

start of engine No. 3, as an example of the calcula-

Table 3. A Set of Combinations of the External Factors
of the RD-874 Multi-Engine Propulsion System

Coordinates of LP_sequence
Option | Oxidizer Oxidizer Fuel Fuel
No. pressure | temperature | pressure | temperature

X, Xy X,; X,

1 0.5 0.5 0.5 0.5
2 0.25 0.75 0.25 0.75
3 0.75 0.25 0.75 0.25
4 0.875 0.875 0.125 0.375
5 0.375 0.375 0.625 0.875
6 0.625 0.125 0.375 0.625
7 0.125 0.625 0.875 0.125
8 0.188 0.438 0.563 0.313
9 0.688 0.938 0.063 0.813
10 0.438 0.688 0.813 0.563
11 0.938 0.188 0.313 0.063
12 0.813 0.563 0.688 0.188
255 0.582 0.098 0.949 0.84
256 0.979 0.541 0.389 0.588
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tion options in which the largest deviations of the
time of reaching 90% thrust and the thrust take-
off are realized.

In general, for the RD-874 multi-engine pro-
pulsion system, the largest deviations of the time
of reaching 90% thrust and the thrust spread have
been obtained for options No. 147 (min) and
No. 251 (max). The transient processes during the
start of the RD-874 multi-engine propulsion sys-
tem, as calculated for these options of the spread
of parameters, are presented in Fig. 6. These
calculated time dependences of the combustion
chamber pressure at the start are quite different
and difficult to predict.

The estimated spread of the time of reaching
90% thrust and the thrust spread of the RD-874
multi-engine propulsion system are pseudo-ran-
dom values. To make sure that they obey the nor-

mal distribution law, the consistency of the ob-
tained statistical and assumed theoretical (nor-
mal) distributions has been assessed with the use
of Pearson’s chi-squared test x2 For this purpose,
the obtained samples of the time of reaching 90%
thrust and the thrust takeoff of the multi-engine
propulsion system at steady state are placed in 8
digits, and the histograms are constructed for the
two cases: with the same parameter deviations in
all four engines (see Fig. 7, curve 1) and for the
engine propulsion system as a whole with various
deviations of engine parameters (see Fig. 7, curve
3). The theoretical probability of a random value
falling into an arbitrary category (curves 2 and 4,
Fig. 7), as is usually accepted [25], has been esti-
mated with the use of experimental statistical
characteristics: mathematical expectation M and
variance D. The critical value y? for the presented

Table 4. Limit Deviations of the Time of 90 % Thrust Takeoff from the Nominal Value
(min is the largest deviation towards minimum, max is the largest deviation towards maximum)

Time deviation, s
Option _
min max
1 Spread of the parameters of all engines is the same —-0.0878 +0.0741
2 Spread of the parameters is different, engine No. 1 —-0.0899 +0.0840
3 Spread of the parameters is different, engine No. 2 -0.0925 +0.0692
4 Spread of the parameters is different, engine No. 3 -0.0873 +0.0609
5 Spread of the parameters is different, engine No. 4 —-0.0800 +0.0601
6 Spread of the parameters is different, RD-874 multi-engine propulsion system —-0.0490 +0.0328

Table 5. Limit Deviations of the Pressure Takeoff from the Nominal Value
(min is the largest deviation towards minimum, max is the largest deviation towards maximum)

Deviation of the pressure
Option in the combustion chamber, %

min max
1 Spread of the parameters of all engines is the same -6.21 +7.02
2 Spread of the parameters is different, engine No. 1 -6.22 +7.01
3 Spread of the parameters is different, engine No. 2 -6.79 +6.33
4 Spread of the parameters is different, engine No. 3 -6.57 +5.99
5 Spread of the parameters is different, engine No. 4 -5.57 +5.51
6 Spread of the parameters is different, RD-874 multi-engine propulsion system -3.34 +3.23
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Fig. 6. The calculated time dependences of the combustion chamber pressure at the start of the RD-874 multi-engine propul-
sion system for option No. 147 in which the time of reaching 90% thrust and the thrust of the entire propulsion system are
minimum (a) and for option No. 251 in which the time of reaching 90% thrust and the thrust of the entire propulsion system

are maximum (b): 0 — the nominal mode; 7, 2, 3, 4 — calculations for engines No. 1, 2, 3, and 4, respectively
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Fig. 7. Statistical and theoretical distributions of the spread of the time of reaching 90% thrust (@) and the combustion
chamber pressure (b) for the case of the same parameter deviations in all engines (curves 7, 2) and for the propulsion system
as a whole (curves 3, 4): 7, 3 — statistical distributions; 2, 4 — theoretical distributions

histograms is x* = 11.1. All calculated values y*
for the specified data do not exceed the critical
value, which confirms the hypotheses about the
consistency of the statistical and theoretical dis-
tributions both for the time of reaching 90%
thrust and for the thrust of the propulsion system
at steady state.

Figure 7 clearly illustrates that the spread of
the time of reaching 90% thrust and the thrust
spread for the entire RD-874 multi-engine pro-
pulsion system is significantly smaller (about 2
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times) than the spread of the time of reaching
90% thrust and the thrust spread of each indivi-
dual engine.

It has been shown that the experimental mathe-
matical expectations for all samples, as expected,
are close to zero. The experimental variances of
individual engines are 0.001 s, for the spread of
the time of reaching 90% thrust , and 11.7% of the
nominal thrust of the engine, for the thrust spread.
For the multi-engine propulsion system as a who-
le, the experimental variances are significantly
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smaller: 0.0003 s, for the spread of the time of
reaching 90% thrust , and 3.0% of the nominal
thrust of the engine, for the thrust spread.

CONCLUSIONS

The nonlinear mathematical model of the start of
the Cyclone-4M 1** stage RD-874 multi-engine
propulsion system has been developed. It descri-
bes the low-frequency dynamics of the modules
and systems of the engine propulsion system and
allows taking into account the influence of the
spread of the internal and external factors on the
transient processes in the multi-engine propul-
sion system during the start.

The method for determining the thrust spread
caused by the internal and external factors dur-
ing the start of the Cyclone-4M first stage multi-
engine propulsion system has been developed. It
is based on the use of LP -uniformly distributed
sequences and is much more efficient as compared
with the random search.

For each engine that is part of the engine pro-
pulsion system, 11 internal factors that have the
greatest influence on the thrust spread have been
determined. Respectively, for the entire engine
propulsion system, there are 44 internal factors.

Based on the results of the calculations, the
transient processes in the RD-874 multi-engine
propulsion system at various combinations of the
external and internal factors have been deter-
mined, and the lower and upper envelope curves
have been built for the time dependences of the
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BU3HAYEHHY PO3KUY TATU BATATO/IBUTYHHOT YCTAHOBKU
I CTYIIEHY PAKETU-HOCII «[IUKJIOH-4M>» I1PU i1 3AIIYCKY

Beryn. BaxiBum HanpssMKoM po6oTH KOCMIUHOI rasty3i Ykpainu € po3poOka KOCMIYHOTO PAaKeTHOTO KoMILIeKCy « [ [ukioH-
4M>». JIJist 3HUKEHHST BapTOCTI, TepMiHIiB po3po0Ku it BUPOOHUI[TBA piauHHuX paketHux asuryHis (PPI) mus 1 crynens
pakeru-nocig (PH) «Iluknon-4M» [II1 «<Kb «IliBnennes» BUKOpUCTAIO B SKOCTI MapIOBOi JABUTYHHOI ycTaHOBU | cTyriens
PH 38's13ky nexinbkox PP/, mpotoTunu sskux pamirie 6yau BimpaboBaHi.

IIpoGaemaTuka. Y GaraToABUIYHHII yCTaHOBIII 3aIlyCK OKPEMUX JBUTYHIB 32 PAXyHOK BHYTPIIIHIX 1 30BHIIIHIX (GakTOpiB
BizGyBaeThest HeoAHOUACHO. 1le MosKe NpusBecTH 10 HebOe3NeuHnX Po3Ku/LiB Tsaru okpeMux PP/I B niepios 3a1ycKy ABUIYHHOT
YCTAHOBKH, SIKi MOXKYTb BUKJIMKATU CyTTEBI Biaxuienus pyxy PH Bix ii TpackTopii Ha IOYaTKOBOMY eTalli OJIbOTY.

Mera. PospaxyHKoBe BU3HAUEHHSI PO3KMLY TSI IPU 3allycKy GaratoaBuryHHoi ycraHoBku 1 crynenss PH «IlukioH-
4M>», akuii 06yMOBJIEHO BIIMBOM BHYTPIIIHIX 1 30BHINIHIX (haKTOPIB Ha IePeXiiHi IMPOIeCH B CUCTEMaX OKPEMUX JBUTYHIB
Ta iX JINHAMIYHOIO B3AEMOJIIEIO.

Marepiauu it Meroau. Bukopucrano MeTo/in Teopii aBTOMATHUHOTO PETYJIIOBAHHS, IMITEIAHCHUN METO/I, CTATUCTUYHUI
METOJI Ta METO/IH YMCETBHOTO MOJIEJIIOBAHHSI HEYCTAJIEHNX [POTIECiB y TpybomposigHux crcremax PH.

Pesyubratu. Po3pobiieHo MaTeMaTuaHy MOJIe/Ib 3amycky OaratoasurynHoi ycranosku I crynenst PH «[lukiaon-4M», sika
JI03BOJISIE BPAXOBYBATH BILIMB PO3KU/IIB BHYTPIIIHIX 1 30BHIIIHIX (hakTOPIB Ha IIepexiHi poiiecu B GaraToABUIyHHIil ycTa-
HOBIII TIpH iX 3amycky. Po3pob6iieHo edeKTUBHII METO/I BUSHAYEHHSI 3a3HAYEHOTO PO3KUJLY TSITH JABUTYHIB, sIKHUiT 6a3yeThest
Ha sukopucranni JIII -piBHoMipHO posmozinenux nocifosHocTeil. Busnadyeno mepexinui mporecn B 6araTonBuryHHiii ycra-
Hosui P/-874 npu pisHUX NOEAHAHHSAX PO3KUAIB 30BHIIIHIX | BHYTPIIIHIX (GaKTopPiB, 0OYA0BAHO HUKHIO Ta BEPXHIO OIMHA-
104l KPUBI 3aJ1€)KHOCTEN TUCKY B KaMepi 3ropsiHHs BiJ yacy aJist KoxkHoro PP/Iy ckiazi 6araToBUryHHOI yCTAHOBKH.

BucuoBku. Poskui yacy Habopy 90 % tsiru Ta Habopy TsAru juist GaratoaBUryHHoi yeranosku P[-874 B 1ijiomy € cyTTEBO
(npubInM3HO B 2 pasu) MEHIINM, HiK 1Jist KOsKHOTO aBuryHa P/-870 y ckuiai i€l ycTaHOBKU.

Kmouosi criosa: pignHHUi pakeTHUiT ABUTYH, 6araTOABUIYHHA PIANHHA PaKeTHA yCTaHOBKA, 3allyCK, MAaTEMATUUHE MOJIEJIIO-
BaHHS, 30BHIITHI i BHYTPIlIHI (haKTOpH, PO3KUJ TSATH.
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